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ABSTRACT 
To enable accurate pump and piping system design to be undertaken for high concentration 
mineral slurries, the slurry needs to be characterised and the laminar-turbulent transition 
confidently predicted so to determine the flow regime the designed system will operate in. 
Direct application of the yield-pseudoplastic model to the pipeloop test work data enables 
determination of the rheological parameters used in the slurry characterisation allowing the 
use of the established laminar-turbulent transition prediction methods. 
This empirical study compares 9 established laminar-turbulent transition prediction methods, 
based on the modified Reynolds number approach, against 26 observed laminar-turbulent 
transition velocities using pipeloop test work results of two high concentration mineral 
slurries; zinc tailings and fly ash. 
The best performing laminar-turbulent prediction methods for both slurry types were able to 
accommodate the three rheological parameters; Yield stress, fluid consistency index and flow 
behaviour index to capture the complexity of these non-Newtonian slurries. 
Other future work identified during this study include; determining modified Reynolds 
number slurries actually transition at to challenge transition criteria of Re ~ 2100, the 
influence of yield stress as more than simply an ordinate off-set in predicting transition, and 
the phenomenon of the spike in standard deviation of the pressure gradient during transition. 
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CHAPTER 1: INTRODUCTION 
1.1. Purpose and scope 
To enable accurate pump and piping system design to be undertaken for high concentration 
mineral slurries, the slurry needs to be rheologically characterised. This characterisation is 
performed by carrying out rheological test work. Methods of rheological test work are 
laboratory rheometer or tube viscometer, or if carried out in larger scale, pipeloop test work. 
The main focus of this thesis is the comparison of the observed laminar-turbulent transition 
point in pipeloop test work data against 9 established laminar-turbulent transition prediction 
methods in non-Newtonian fluids for which experimental data is still scarce and inaccurate 
(Trinh, 2010). 
This requires the determination of the observed transition point for the purposes of 
comparison from the range over which laminar-turbulent transition occurs. Comparison of the 
prediction methods against the determined observed transition point will be performed with 
the results and discussion presented. 
The importance of accurately predicting the laminar-turbulent transition is well articulated in 
the literature (Slatter, 1995; Chhabra & Richardson, 1999; Vlasak & Chara, 2004). 
Furthermore it has been highlighted that the optimum operational condition is slightly above 
the laminar-turbulent transition point, where flow conditions are often very attractive from an 
economic point of view (Vlasak & Chara, 2004). In practical terms it is possible that 
operating in the transitional flow regime may prove advantageous in practical pipe flow 
applications because the large velocity fluctuations available can be used to stir up settled 
particles but still operating at a lower pressure gradient than fully developed turbulent flow 
(Rudman et al., 2002). 
This thesis uses results from new rheological test work using a pipeloop test system to test 
high concentration mineral slurries, and discusses the associated methods used to carry out 
the rheological test work. The thesis also includes the reduction of the generated pipeloop 
data to the rheological parameters of yield stress, fluid consistency index and the flow 
behaviour index by direct application of the yield-pseudoplastic model. 
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1.2. Methodology 
In order to compare laminar-turbulent transition prediction methods the rheological 
parameters for the slurry, and the critical velocity at which the same slurry transitions are to 
be established. For this study pipeloop test work is carried out on two mineral slurries, zinc 
tailings and fly ash in order to identify which of the established prediction methods performs 
best on slurries of different solid densities, shape and mineralogy. 
The flow rate and pressure gradient data generated from the pipeloop test work is plotted as a 
pseudo-shear diagram with wall shear stress plotted on the ordinate and the pseudo-shear rate 
on the abscissa. This diagram shows the laminar, transitional and turbulent flow regimes and 
such behaviour is characterised by the rheological parameters; yield stress, fluid consistency 
index and the flow behaviour index. The laminar flow behaviour can then be modelled by the 
three parameter yield-pseudoplastic model (Slatter, 1999). This model is developed from the 
constitutive equation, the Herschel-Bulkley relationship and is used to relate the pseudo-shear 
rate to wall shear stress. 
Prediction of the laminar to turbulent transition can be carried out using several established 
transition prediction methods. These methods are used to predict the critical velocity at which 
laminar-turbulent transition occurs and is described as a point in this study for the 
convenience of calculation and comparison. However, it is understood that transition does not 
simply occur at a single shear rate, rather develops over a range of shear rates as measured by 
volumetric flow rate and simplified to a single point of bulk velocity and denoted as critical 
velocity (Vc). 
For the purposes of this work it is assumed that a Reynolds number of 2100 signifies laminar-
turbulent transition (Govier & Aziz, 1972). However, it is shown in the literature that 
transition from laminar to turbulent flow occurs at different Reynolds number values for 
different fluids (Govier & Aziz, 1972; Shook & Roco, 1991). Laminar flow can also occur at 
higher Reynolds numbers (Pfenniger, 1961) in the absence of mechanical vibration 
(Schlichting, 1960). The pipeloop test system used for the purposes of this study is typical of 
an industrial scale pump and pipeline system, hence laminar to turbulent transition will occur 
at the lowest bound critical velocity for the slurry tested. 
This study will present a method of determining the observed transition point to satisfy the 
requirement of the prediction methods needing a single value, but with the understanding the 
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reality of the laminar-turbulent transition region occurring over a range of velocities. For this 
reason the transition region will be bound by a minimum and maximum critical velocity and 
the mean critical velocity will be used as the comparison point. 
Also presented in this thesis is a phenomenon that has been noticed during laminar-turbulent 
transition. The standard deviation of the pressure gradient has been found to spike over the 
region of laminar to turbulent transition. This peak, as describe by fitting a parabola to the 
standard deviation spike, may be used to define the laminar to turbulent point in select cases. 
1.3. Aim and objective 
The aim of this thesis is to identify the laminar-turbulent transition from pipeloop test work 
generated data for high concentration slurries. Once the transition has been identified as a 
critical velocity, this velocity is to be compared against established transition prediction 
methods. 
The objective is to determine which of the established transition prediction methods perform 
the best. By using the pipeloop test work data from two very different mineral slurries it is 
envisaged that a general or universal method for predicting the laminar-turbulent transition 
will be highlighted for use on high concentration mineral slurries found in industry. 
Research questions that will be answered during the course of this thesis are; 
 What is the empirical transitional flow behaviour of high concentration mineral 
slurry? 
 Is the empirical transitional flow behaviour of high concentration mineral tailings 
slurry similar to that of fly ash slurry? 
 How well can the laminar/turbulent transitions be predicted from the slurry rheology 
for high concentration mineral slurry? 
Predicting the transition velocity is critical when designing pump and pipeline systems as the 
power required to pump in the turbulent regime is greater than to pump in the laminar regime. 
Furthermore, if the system is designed to operate in the turbulent regime based on limited test 
work, but in reality operates in the laminar regime settling may occur, causing pipe blockage. 
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Identifying the best performing prediction method for a given mineral slurry allows the 
scaling of smaller diameter pipeloop test data to larger pipe sizes often used to transport 
slurries. 
1.4. Thesis Structure 
This thesis is made up of the following structure; 
Chapter 1 – Introduction 
Introduces the reader to the concept of laminar-turbulent transition prediction and its 
importance within an industry context. The introduction also highlights key aspects to this 
approach for data generation. 
Chapter 2 – Literature Review 
Review of the literature in the field of pipe flow, rheology of mineral slurries, pipeloop test 
work and established laminar-turbulent transition prediction methods. 
Chapter 3 – Experiment 
Explains the experimental approach to pipeloop test work, highlighting the strengths and 
weaknesses of such an approach to the generation of data for rheological characterisation. 
Chapter 4 – Data Analysis 
This chapter defines the established approaches to rheological data analysis and application to 
the pipeloop test work data generated during this study. 
Chapter 5 – Results and Discussion 
The results are presented in summary and statistical tables and associated discussion on the 
application of the established laminar-turbulent transition approaches. Test work data tables 
are shown in Appendix A and the graphs are shown in Appendix B and C. 
Chapter 6 – Conclusion 
The conclusion chapter outlines the conclusions drawn from the results and discussion 
chapter and presents possible future work. 
Chapter 7 – References 
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A list of the references used in this study. 
Appendix A – Pipeloop test work data summary tables 
Summary tables of the data generated using pipeloop test system for zinc tailings and fly ash. 
Appendix B –Pseudo-shear Diagrams 
Plots of the pipeloop data and associated model using the rheological parameters determined 
from direct application of the yield-pseudoplastic model to the data. 
Appendix C – Plots showing the spike in pressure gradient standard deviation and correlation 
against the laminar-turbulent transition. 
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CHAPTER 2: LITERATURE REVIEW 
Some early experiments into the behaviour of fluids in pipes were carried out by Reynolds 
with the famous water experiment (Reynolds, 1883) and the development of the criterion to 
determine the laminar-turbulent transition for Newtonian fluids, known as the Reynolds 
number (Reynolds, 1895). Since these early experiments, much work has been carried out on 
Newtonian and non-Newtonian fluids in laminar, transitional and turbulent flow. This thesis 
will focus specifically on the laminar-turbulent transitional flow behaviour of high 
concentration non-Newtonian mineral slurries. 
This literature review will focus on flow of fluids in pipes and in particular the flow of non-
Newtonian slurries and the prediction of the laminar-turbulent transition velocity. The 
literature review is presented in the following order; 
 Newtonian fluids and the Reynolds number 
 Rheological behaviour of non-Newtonian fluids 
 Non-Newtonian fluid behaviour models 
 Test work data reduction methods to determine rheological parameters 
 Laminar-turbulent transition of non-Newtonian fluids 
 Laminar-turbulent transition prediction methods 
2.1. Newtonian fluids and the Reynolds number 
2.1.1. Newtonian Fluid 
A Newtonian fluid is a fluid that has a time independent proportional shear stress response to 
the applied shear rate provided that temperature and pressure remain constant (Coulson & 
Richardson, 1999). Laminar flow of a Newtonian fluid can be described by equation 1. 
     ̇  
(1) 
Where µ is the constant of proportionality used in Newton‟s equation and is known as 
coefficient of viscosity. 
 
 
 RMIT University 
  7 
2.1.2. Reynolds number 
A dimensionless number giving a measure of the ratio of inertial forces to viscous forces, the 
Reynolds number (Re) is used in predicting the laminar-turbulent transition of Newtonian 
fluids, such as water (Coulson & Richardson, 1999). Written as; 
    
   
 
 
(2) 
Although a Re value of 2100 is often cited as the point at which laminar-turbulent transition 
occurs there is also much evidence stating that laminar flows have been found to occur at 
much higher Re values (Coulson & Richardson, 1999). For a Newtonian fluid it is stated that 
laminar flow occurs below 2300 and that turbulent flow occurs above 4000. This 
dimensionless number used in predicting the laminar-turbulent transition of a Newtonian 
fluid.  
Dimensional analysis depends on the fundamental principle that the relationship between 
variables is dimensionally consistent (Coulson & Richardson, 1999). Using dimensional 
analysis, the Reynolds number enables dynamic similarity between different pipe diameters 
so that for a given Re value the fluid is behaving in the same manner. 
This allows scale-up of experimental results determined from smaller pipe diameters to be 
applied to pipes of large diameters. 
2.2. Rheological behaviour of non-Newtonian fluids 
The rheological behaviour of mineral slurries can be described by the Herschel-Bulkley 
relationship (Slatter, 1999). This three parameter equation, also known as the yield-power 
law equation (Shook & Roco, 1991) or the yield-pseudoplastic model (Govier & Aziz, 1972) 
was first proposed by Herschel and Bulkley in 1926.  
       (
  
  
)
 
 
(3) 
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Where; 
0  [Pa] 
The wall shear stress. The shear stress acts on the curved area within the pipe 
as a frictional force. 
y  [Pa] 
The yield stress providing the ordinate offset. Nguyen & Boger (1983) state 
that the yield stress is the minimum shear stress corresponding to the first 
evidence of flow. 
K [Pa.s
n
] 
The fluid consistency index and is a measure of how viscous/thick the fluid is 
(Metzner & Reed, 1955). 





 
dr
du
 [s
-1
] 
The velocity gradient or true shear rate. The negative term is used to highlight 
the decreasing of the velocity profile within a pipe as the radius increases. 
The sign may be omitted as frequently it is not necessary to consider it 
(Metzner, 1957). 
n [-] 
Is the flow behaviour index and is a measure of how non-Newtonian the fluid 
is (Metzner & Reed, 1955); i.e. 
n = 1 for a Bingham plastic fluid 
n < 1 for shear-thinning fluid 
n > 1 for dilatant fluid 
 
This generalised equation relates the shear stress at the pipe wall to the true shear rate for 
laminar flow using three rheological parameters. The Herschel-Bulkley relationship applies 
to; 
 Bingham plastic when n = 1, 
 Yield-power law or yield-pseudoplastic when y > 0 and n < 1, 
 Yield-dilatant when y > 0 and n > 1,  
 Power-law when y  = 0 and n < 1 
 Dilatant when y  = 0 and n > 1, 
 Newtonian fluids (n = 1, y  = 0) with K =   (dynamic viscosity). 
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2.3. Non-Newtonian fluid behaviour models 
Integration of the Herschel-Bulkley relationship over the pipe cross-section gives a closed 
form analytical solution for laminar flow (Chilton & Stainsby, 1998). Described as the yield-
pseudoplastic model or the yield-power law model, the relationship between the pseudo-shear 
rate (8V/D) and wall shear stress (ΔPD/4L) is presented by Govier and Aziz (1972), Lazarus 
and Slatter (1988) and Shook and Roco (1991). 
Govier and Aziz (1972) consider one example of a yield-pseudoplastic, the fluid for which 
shear stresses in excess of the yield stress are related to the rate of shear through the power 
law as expressed by; 
       ̇
  
(4) 
and; 
   
 
 
  
  
  
(5) 
they obtain; 
 
  
  
 (
 
 
)
  ⁄
( 
 
 
  
  
   )
  ⁄
  
(6) 
Which may be integrated with u = 0 when r = R to give; 
  
(
 
 
)
  ⁄
( 
  
   
)
 
   
[( 
 
 
  
  
   )
(   )  ⁄
 ( 
 
 
  
  
   )
(   )  ⁄
]  
(7) 
Integrating once again to obtain the volumetric discharge, they have; 
  
 
 
  
   
 
(
 
 
)
  ⁄
(
   
  
)
 (
   
  
   )
(   )  ⁄
 [
(
   
  
   )
 
    
 
 
   (
   
  
   )
    
 
 
  
 
   
 
]  
(8) 
 RMIT University 
  10 
Multiplying both sides of the equation by 4 gives the Govier and Aziz (1972) relationship for 
pseudo-shear rate (8V/D) to wall shear stress (DΔP/4L). 
Using the same approach Lazarus and Slatter (1988) use the general case where yield-
pseudoplastic rheology is assumed for their work on rheological characterisation of tube 
viscometer data; 
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]  
(9) 
Shook and Roco (1991) show that the integrated form of the equation for pipe flow of a yield 
power law fluid as; 
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where; 
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    (
 
 
)  
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    (
 
 
)  
(14) 
Plotting the above 3 equations for Newtonian, power-law, dilatant, Bingham, yield-dilatant 
and yield-pseudoplastic/yield power law fluids in laminar flow. The results are shown in 
Figure 1. 
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Figure 1:Ideal laminar flow using the yield-pseudoplastic model 
Although the equations 8, 9 and 10 are the same equation they are shown here to reflect the 
different notation and presentation each of the authors has used. The general case for a yield-
pseudo-plastic rheology as shown in the paper by Lazarus and Slatter (1988) as Equation (9) 
will be used here due to its elegant form allowing for numerical solution using spreadsheet 
software. 
Two problems noted in the literature with the practical use of this yield-pseudoplastic model 
are (Slatter, 1999); 
1) Sensitivity to small changes in rheological parameters (errors in experimental data) 
(Johnson, 1982). 
This problem has been investigated by Al-Fariss and Pinder (1987) and they found that 
although the model is sensitive, the reproducibility of the data fit is good, provided that data 
from several pipe diameters are used for the determination of the rheological parameters 
(Slatter, 1999). 
2) Model predicts a constantly diminishing apparent viscosity with increasing shear rates 
which appears to contradict experimental data (Wilson, 1986). 
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Slatter (1999) states that this aspect has not been problematic for the kaolin mineral slurries 
tested and the analysis used in his work on the pipelining of mineral slurries. During the 
analysis of the test work data by Slatter it can be seen that the yield-pseudoplastic model will 
provide the best fit over the greatest range of pseudo-shear rates within the laminar regime. 
Another important result from these tests is that while some confirmation of a low shear rate 
Newtonian asymptote has been recorded, there is a total absence of a high shear rate 
asymptote which form the bases of the 2
nd
 problem noted. Slatter (1999) goes on to state that 
slurries tested have been successfully characterised using the yield-pseudoplastic rheological 
model, provided that the low shear rate data are ignored, which is not an issue in this case as 
the laminar-turbulent transition occurs well beyond the low shear rate stated. 
2.4. Test work data reduction to rheological parameters 
In order to carry out further analysis the rheological parameters need to be determined for the 
fluid. This can be achieved using two different methods. Figure 1 shows a flow chart 
outlining the approaches for determining the rheological parameters from pipeloop generated 
data. 
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Tube viscometer/pipelooptest work data reduction technique – Flow Chart 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:Flow chart showing approaches for determining the rheological parameters 
The development of the pseudo-shear diagram requires two parameters; 
 Pseudo-shear rate, (8V/D) 
 Wall shear stress, (ΔPD/4L) 
L
PD
4
0

 ; is the shear stress at the pipe wall and is found by carrying out a force balance on 
a cylindrical length where a pressure drop exists as shown in Chhabra and Richardson, 
(1999). The shear stress acts on the curved area within the pipe as a frictional force. This 
Generate Data using pipeloop test system. 
Plot ∆PD/4L and 8V/D to create 
a pseudo-shear diagram. 
Apply Lazarus and Slatter‟s 
method (1988) to determine 
rheological parameters. 
Apply classical text book method to 
determine rheological parameters. 
Fit yield-pseudoplastic equation 
by visual approximation. Improve 
the fit accuracy by minimising 
the error between the model 
value and the data value. 
Use the Rabinowitsch-Mooney 
transformation to determine the true 
shear rate from the bulk shear rate. 
Develop rheogram. 
Determine rheological parameters. 
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against data plots to check fit. 
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fundamental relationship is based on the force balance and the assumption that the fluid is 
homogeneous and incompressible, and that the flow is steady and fully developed. 
In this case uniform spatial distribution of solid particles resulting in slow or non-settling 
slurries are considered homogeneous, (Shook & Roco, 1991), (Govier & Aziz, 1972). 
As the relationship does not rely on any assumptions regarding the fluid properties or the type 
of flow behaviour the shear stress stated above is therefore valid for all fluids and 
independent of both true shear rate and pseudo-shear rate relationships (Chhabra & 
Richardson, 1999). 
Assumed boundary conditions are; 
 flow is laminar, 
 fluid behaviour is not time dependent (non-thixotropic), and 
 zero slip at the pipe wall (Chhabra & Richardson, 1999). 
8V/D; Pseudo-shear rate is equal to the true shear rate for a Newtonian fluid (Coulson & 
Richardson, 1999) due to the parabolic nature of the velocity profile for Newtonian fluid flow 
in a pipe. However due to the unknown and infinitely variable shape of the velocity profile 
for non-Newtonian fluid flow the pseudo-shear rate needs to be transformed to true shear 
rate. This is required as the most common and easily measured value relating to velocity in 
pipe flow is flow rate. 
The classical text book method of determining the rheological parameters uses the 
Rabinowitsch (1929) – Mooney (1931) transformation (Chhabra & Richardson, 1999). This 
transformation factor (when applied to pipe flow) relates the pseudo-shear rate (function of 
flow rate) to the true shear rate at the pipe wall (derivative of the velocity profile at the pipe 
wall, -du/dr). This transformation allows the transformation pseudo-shear rate as a function of 
flow rate to true shear rate required for the development of a rheogram.  
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where;    
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(16) 
A derivation of the Rabinowitsch-Mooney transformation can be seen in Metzner and Reed 
(1955). 
Once the rheological parameters have been determined for the slurry, the task of predicting 
the laminar-turbulent transition can begin. 
2.5. Laminar-turbulent transition of non-Newtonian fluids 
Although there has been much work done on this topic since the famous water experiment 
(Reynolds, 1883) the transition from laminar to turbulent flow is still not well understood 
(Vlasak & Chara, 2004). 
This study is focused on the comparison of existing laminar-turbulent transition prediction 
methods against the determined observed transition point from pipeloop test work results for 
two types of mineral slurries, zinc tailings and fly ash. 
The three flow regimes presented on a pseudo-shear diagram are; Laminar flow regime, 
transitional flow regime and turbulent regime. Stable laminar flow and fully developed 
turbulent flow are readily discernible from the diagram and can be modelled using well 
established techniques. Transitional flow regime is essentially the remaining flow regime in 
between the laminar and turbulent regimes.  
The nature of the flow regime is governed by the ratio of viscous and inertial forces. For 
Newtonian fluids, the balance between these forces is characterised by the Reynolds number 
with the generally accepted value of 2100 as being the limit at which laminar flow will no 
longer occur (Chhabra & Richardson, 1999). For time independent fluids, of which yield-
pseudoplastic is one, the critical value of the Reynolds number depends on the type and 
degree of non-Newtonian behaviour (Chhabra & Richardson, 1999). 
Govier and Aziz (1972) state that in laminar flow there are no components of velocity (apart 
from random molecular and Brownian movement) normal to the direction of flow. They go 
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on to say that turbulent flow is characterised by fluctuating components of velocity in all 
directions – both parallel and transverse to the direction of flow. 
Experimental work done by Rudman et al. (2002) shows flow features similar to turbulent 
puffs and slugs observed in Newtonian transitional flows. Using a laser-doppler velocimeter 
(LDV) they noted that the axial turbulence intensity at about 20% of the radius of the pipe 
from the wall, was a consistent indicator of transition for the range of fluids tested. 
Rudman et al. (2002) also noted that the value of the root mean square (rms) reached a peak 
through the transitional regime then declines as the flow becomes fully developed turbulent. 
They go on to say that this phenomena is also reflected in the time histories presented in their 
paper with the large fluctuations associated with turbulent puffs and slugs in the transitional 
regime. 
Vlasak and Chara (2004) also found that pressure fluctuations could well indicate the 
laminar-turbulent transition. 
2.6. Laminar-turbulent transition prediction methods 
For this study, 9 established laminar-turbulent transition prediction methods have been used 
for comparison against the observed laminar-turbulent transition. These are; 
1) Metzner& Reed (1955) 
2) Zmax stability criteria (Ryan & Johnson, 1959) 
3) Clapp‟s Reynolds number (Torrence, 1963) 
4) Bingham Plastic Reynolds number (Govier & Aziz, 1972) 
5) Newtonian approximation (Wilson, 1986) 
6) Re3 (Slatter, 1994) 
7) Intersection method (Shook & Roco, 1991) using the turbulent model (Slatter, 1995) 
8) Slatter & Wasp (2000) 
9) ReG (Güzel, Frigaard & Martinez, 2008) 
2.7. Conditions of validity of prediction methods 
2.7.1. Metzner & Reed (1955) 
The Metzner and Reed method is used directly on the pipeloop data without transforming 
pseudo-shear rate to true shear rate to determine the rheological parameters. Yield stress is 
not incorporated in this prediction method. 
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2.7.2. Zmax stability criteria (Ryan & Johnson, 1959) 
Govier and Aziz (1972) note that Zmax is applied to purely viscous pseudoplastics described 
by the power law. 
2.7.3. Clapp’s Reynolds number (Torrence, 1963) 
For the Clapp‟s Reynolds number yield stress is ignored and the assumption that the fluid 
will behave in the same manner as that of a power law fluid with the yield stress as simply an 
ordinate off-set and the laminar-turbulent transition will occur at the same shear rate for both 
a power law and yield-power law fluid given the same K and n values. 
2.7.4. Bingham Plastic Reynolds number (Govier & Aziz, 1972) 
The Bingham Plastic Reynolds number (Govier & Aziz, 1972) doesn‟t incorporate the fluid 
behavior index required to model non-Newtonian fluids. 
2.7.5. Newtonian approximation (Wilson, 1986) 
The Newtonain approximation (Wilson, 1986) directly adapts the Reynolds number for 
Newtonian fluids to non-Newtonian fluids by using the secant or apparent viscosity. This 
approach doesn‟t consider yield stress or directly incorporate the fluid behavior index used to 
describe non-Newtonian fluids. 
2.7.6. Re3 (Slatter, 1994) 
Re3 incorporates the three rheological parameters used to model non-Newtonian yield 
pseudo-plastic fluids. 
2.7.7. Intersection method (Shook & Roco, 1991) 
The success of this method is dependent on the accuracy of the turbulent model used (Slatter, 
1995).  
2.7.8. Slatter & Wasp (2000) 
Using the Hedström number for Bingham Plastics this method doesn‟t incorporate the fluid 
behavior index for non-Newtonian fluid behavior. 
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2.7.9. ReG (Güzel, Frigaard & Martinez, 2008) 
ReG incorporates the three rheological parameters used to describe non-Newtonian yield-
pseudolastic fluid behavior. This method use the Reynolds number approach with pressure 
gradient and centerline velocity. 
2.8. Description of prediction methods 
2.8.1.1. Metzner & Reed’s Reynolds number 
Metzner and Reed (1955) determined the link between the true shear rate and bulk shear rate 
by using the Rabinowitsch–Mooney transformation and went further to develop the Metzner 
and Reed approach; 
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Where;  
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 [Pa] 
is the shear stress at the pipe wall. The shear 
stress acts on the curved area within the pipe as 
a frictional force. 
K‟ [Pa.sn‟] 
is the apparent fluid consistency index and is a 
measure of how viscous/thick the fluid is 
(Metzner & Reed, 1955). 
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] is the bulk velocity gradient or bulk shear rate. 
n‟ [-] 
is the apparent flow behaviour index and is a 
measure of how non-Newtonian the fluid is 
(Metzner & Reed, 1955); i.e. 
n = 1 for a Bingham plastic fluid 
n < 1 for shear-thinning fluid 
n > 1 for dilatant fluid 
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It has been found during this study that the success of this approach is dependent on the 
accuracy of the fitted function to log-log plot of shear stress and shear rate data to be 
modelled. Hence the error inherent in the data variability will affect the accuracy of n‟ and K‟ 
and impact on the performance of this prediction method. 
It is noted however that the yield stress is not considered in the Metzner and Reed approach 
and therefore will be deficient in the analysis of fluids exhibiting a yield stress or at least an 
apparent yield stress. 
Regardless, the Metzner and Reed method will be presented due to its pioneering approach of 
direct application of pipeloop data in the determination of the laminar-turbulent transition. 
Once bulk shear stress is calculated for a required bulk shear rate the pressure loss equation it 
can be substituted into the Darcy formula and resolved for the Fanning friction factor. 
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As the Metzner and Reed relationship is general, with a n‟ = 1 resolving the relationship to 
that of a Newtonian fluid it is shown that the Reynolds number equation for Newtonian fluids 
is a special case of this more general Metzner and Reed‟s Reynolds number (Metzner & 
Reed, 1955). 
For a Newtonian fluid in laminar flow the well-known friction factor to Reynolds number 
diagram shows; 
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(21) 
And substituting for 0  gives the Metzner and Reed‟s Reynolds number; 
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(22) 
In this current study it has been found that n‟ is not constant for the mineral slurries tested 
and hence is determined from the tangent to the fitted curve for the log-log plot. The Metzner 
and Reed approach is reviewed here as it was pioneering for its application of a practical 
method to characterising fluids for the purposes of design that allowed the tube viscometer 
(pipeloop) data to be used directly. This direct approach avoids the errors associated with the 
transformation of data from the pseudo-shear rate to true shear rate in order to design a piping 
system where pseudo-shear rate is the measured value and will be highlighted when using 
other methods used in this study. The Metzner and Reed approach also outlines important 
equations and ideas other workers have built on and will form the base on which to build this 
thesis. 
2.8.1.2. Ryan & Johnson’s stability parameter 
Ryan and Johnson (1959) have approached the determination of the laminar-turbulent 
transition by considering the use of a local stability parameter. This stability parameter is a 
function of the ratio of input energy to the energy dissipation for an element of the fluid 
under consideration. When this parameter is applied to a Newtonian fluid in laminar flow it is 
found to have a maximum value of 0.385 times the critical Reynolds number of 2100, 
resulting in the value 808. As this criterion is considered to be general, this value of 808 
defines the point at which transition from stable laminar to stable turbulent flow is said to 
occur. 
However, it is noted that Zmax is based on the premise that term denoting the rate of 
perturbation energy in the direction normal to the pipe axis (-v‟/δy) can be substituted with 
the velocity gradient (δU/δy). Ryan and Johnson (1959) state that the ratio of (-v‟/δy) is a 
time interval, and it is postulated that for effective disturbances this time must be related to a 
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characteristic time of the undisturbed flow, which is taken as the reciprocal of the velocity 
gradient. 
So, as the laminar-turbulent transition has been shown to occur of a range of shear rates 
(velocities) it can be concluded that this stability parameter indicates the mid-point of the 
transition region. 
This local stability parameter is defined as; 
0, 
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(23) 
The product of the velocity profile and the shear rate with respect to the radius from the 
centreline gives the Z value. The point of interest is the maximum value of Z across the flow 
profile. Ryan and Johnson (1959) predict the critical ratio of the pipe radius and the radius of 
the point of interest as occurring at 0.577 for a Newtonian fluid.  
It is shown in Ryan and Johnson (1959) that for a Newtonian fluid; 
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Hence; 
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(25) 
The stability criteria proposed by Ryan & Johnson (1959) is a function of the ratio of input 
energy to energy dissipation for an element of fluid. When the stability criteria is applied to a 
Newtonian fluid in laminar pipe flow it is found it has a maximum value of 0.385 times the 
critical Reynolds number, or 808. Ryan & Johnson (1959) go on to state that as the criterion 
is presumed to be general, it is inferred that the value of 808 defines the boundary between 
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stable laminar and stable turbulent pipe flow for all fluids. However Ryan and Johnson 
(1959) verified this method against pseudoplastics only.    
2.8.1.3. Clapp’s Reynolds number (Torrance, 1963) 
Torrance (1963) considers the case of a non-thixotropic non-Newtonian fluid flowing in a 
circular pipe. In order for this approach to proceed two assumptions are made. Firstly, that the 
transition from laminar to turbulent occurs at some definite distance from the pipe wall. 
Secondly, that the non-dimensional velocity (mean axial velocity at any point / friction 
velocity) at this point is independent of pipe size (Torrance, 1963). Torrance based his work 
on the pseudoplastic model work of Clapp (1961) and investigated the turbulent flow of 
yield-pseudoplastic fluids. He used the following formulation for a Reynolds number, also 
known as the Clapp Reynolds number (Govier & Aziz, 1972; Slatter, 1998). 
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(26) 
It can be seen that yield stress is ignored and the assumption that the fluid will behave in the 
same manner as that of a power law fluid of the same K and n rheological parameters. In this 
case the yield stress is simply considered as an ordinate off-set and the laminar-turbulent 
transition will occur at the same shear rate for both a power law and yield-power law fluid 
given the same K and n values. 
2.8.1.4. Bingham plastic Reynolds number 
A Reynolds number has been developed for the laminar-turbulent transition prediction of 
fluid flow where the fluid has a flow behaviour index of unity, n =1 (Govier & Aziz, 1972; 
Slatter, 1998). 
Starting with the Buckingham equation after Buckingham (1921) who first developed it 
(Govier & Aziz, 1972). 
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(27) 
And rearrange to the following friction factor form; 
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Where; 
  
  
  
 
    
   
   
(29) 
The Bingham Reynolds number proposed by Hanks (1963) can be derived by analogy to 
Newtonian fluids by assuming that the Reynolds number will be equivalent to f/16 and 
neglecting the forth power term (Govier & Aziz, 1972). 
This results in; 
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(30) 
Continuing the analogy to Newtonian fluids, it is assumed that laminar-turbulent transition 
will occur at a ReBP = 2,100. 
However Govier and Aziz (1972) state that experience confirms their intuition that the 
transition from laminar to turbulent flow occurs at different Reynolds number values for 
different fluids. 
Govier and Aziz (1972) develop this further by identifying that for tubes larger than 25 mm 
(≈1 inch) the term (τyD/6KV) is large compared to unity, resulting in the equation; 
     √
  
 
   
(31) 
Slatter (1998) notes that an important implication of this equation is that yield stress can 
cause the critical velocity to become independent of pipe diameters at larger diameters. This 
is in sharp contrast to the Newtonian condition where VcD are constant. 
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2.8.1.5. Newtonian approximation 
The secant or apparent viscosity (Wilson, 1986) is defined as; 
   
  
*
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(32) 
This viscosity value is determined in order to make use of the established Newtonian theory 
even though a non-Newtonian method has been selected. 
Once the secant viscosity is found the Reynolds number can be calculated using; 
       
   
  
  
(33) 
The secant viscosity is not constant but must be calculated at a given value of wall shear 
stress. 
2.8.1.6. Slatter’s Reynolds number, Re3 
Slatter (1994) considers pipe flow of a non-Newtonian fluid with a yield stress. Shear stress 
values change across the pipe cross-section with maximum shearing occurring at the wall and 
shear stress decreasing to zero towards the pipe centre-line. For shear stress values below the 
yield stress of the fluid, the fluid will exhibit solid or plug-like behaviour. As this plug is not 
fluid this portion of the pipe cross-section is discarded from the calculation. Slatter‟s 
approach is based on the assumption that the inertial and viscous forces in the fluid are 
determined solely by that part of the fluid which is sheared and the volume of the unsheared 
plug is excluded from the calculation (Chhabra & Richardson, 1999). Although the unsheared 
plug may be excluded from the viscous or shearing forces there is argument by some workers 
that it needs to be considered in respect to the inertial forces. For this study, in comparing the 
predicted transition against observed transition the results will highlight the accuracy (or not) 
of this method in predicting the cessation of laminar flow. 
The fluid flowing through the annulus is considered with respect to velocity and the portion 
of the pipes diameter through which this flow is occurring. 
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(34) 
The laminar-turbulent transition is said to occur at a value of 2100 (Slatter, 1994). 
2.8.1.7. Intersection Method 
This practical approach uses the intersection of the laminar and turbulent flow theoretical 
lines as the transition point (Shook & Roco, 1991; Slatter, 1995). The Intersection Method 
uses the point at which the laminar and turbulent models intersect. The yield-pseudoplastic 
model, Equation (9), will be used to describe the laminar flow of the mixture. 
As the Dodge and Metzner (1959) and the Wilson and Thomas (1985) turbulent flow models 
are for smooth wall roughness (Slatter & Wasp, 2004) the Slatter turbulent model (Slatter, 
1995) will be used in this study as this model takes into consideration smooth and rough wall 
turbulent flow and incorporates a representative particle size, dx, for the turbulent flow of 
solid particles in a pseudo-homogeneous yield-pseudoplastic slurry.  
To account for the particle roughness effect a roughness Reynolds number was developed 
(Slatter & Wasp, 2004). 
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If Rer< 3.32, smooth wall turbulent flow behaviour can be predicted using; 
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(36) 
If Rer> 3.32, fully developed rough wall flow behaviour can be predicted using; 
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)        
(37) 
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2.8.1.8. Slatter & Wasp (2000) using the Hedström number 
Slatter and Wasp (2000) have developed a method of determining the laminar-turbulent 
transition for non-Newtonian slurries using the Hedström number to designate low range, 
intermediate range and high range correlations. 
   
     
  
;      Hedström number for Bingham plastic (i.e. n = 1) (Slatter& Wasp, 2000) 
(38) 
Low range – correlation 1. 
Rec = 2100 for He < 1.7 x 10
3
 
Resulting in a critical velocity calculation; 
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Intermediate range – correlation 2. 
Rec = 155 He
0.35
 for 1.7 x 10
3
< He <1.5 x 10
5
 
Resulting in a critical velocity calculation; 
   
     
        
         
  
(40) 
High range – correlation 3. 
Rec = 26 He 
0.5
 for He > 1.5 x 10
5
 
Resulting in a critical velocity calculation; 
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(41) 
 RMIT University 
  27 
Although equation (40) is using a larger constant, it is very similar to that developed by 
Govier & Aziz (1972). 
It can be noted that this prediction method doesn‟t incorporate a flow behaviour index (n) to 
account for non-Newtonian behaviour and hence may prove deficient in the prediction of the 
laminar-turbulent transition for such slurries. 
2.8.2. Güzel, Frigaard & Martinez (2008) 
Güzel, Frigaard and Martinez (2008) have developed a method of predicting the laminar-
turbulent transition using the Reynolds number; 
    
    
 
 |  |
   
(42) 
Where Uc is the centreline velocity and Px is the frictional pressure gradient. 
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(43) 
Although Güzel, Frigaard & Martinez show that ReG appears to show transitional flow at ReG 
≈ 2100, they have avoided specifically stating any transition criterion in terms of ReG. 
For the purposes of comparison in this study a transition criterion of 2100 has been used. 
2.8.3. Identifying the point of transition 
There is little information in the literature regarding the actual identification of a point of 
transition from laminar to turbulence from pipeloop data for the purposes of objective 
comparison between prediction methods. Slatter (1999) proposes the use of a normalised 
adherence function to identify a point of transition.  
Vlasak and Chara (2004) found that pressure fluctuation could well indicate the laminar-
turbulent transition on their work on fine-grained slurries. This defined maximum indicates 
the laminar to turbulent transition point or the point at which the most instability is occurring. 
The concept of puffs and slugs has been described by other workers (Rudman et al. 2002). 
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Another method that is easily applied is the visual approximation of the trend of the laminar 
data points and the turbulent data points and the intersecting point can be considered the point 
of transition. However, for an objective comparison to be carried out between prediction 
methods a more rigorous interpolation between laminar and turbulent data is needed. 
2.8.4. Literature review summary 
The nine methods outlined in the literature review are established methods of predicting the 
laminar-turbulent transition of non-Newtonian fluids. The purpose of this study is to compare 
the established prediction methods against the observed transition of real industrial mineral 
slurries and show each methods performance. This study will also produce real data sets from 
each of the mineral slurries tested. 
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CHAPTER 3: EXPERIMENT 
3.1. Outline 
The pipeloop test system is a closed pumping system used to generate data (Appendix A) on 
the test slurry by measuring volumetric flow rate and the corresponding pressure gradient 
over a test length of pipe. The pipeloop has different test pipe diameters that can be selected. 
Each diameter is tested for a range of slurry solids concentrations as measured by mixture 
relative density (Sm) of the slurry. 
The pump speed is varied incrementally via a variable speed drive (VSD), hence changing 
the flow rate, from the pump maximum to minimum and back to maximum with the 
corresponding pressure gradient data being logged. The slurries concentration is reduced by 
the addition of process water and the procedure is repeated. 
At each of the incremental flow rate steps a small time period elapses allowing the 
stabilisation of the system flow rate and the collection of the respondent pressure gradient 
data. This time period may be dependent on many factors such as material type, particle size 
distribution, temperature, etc. hence, may be different for each test. The system flow meter 
must be observed and the system run at a constant pump speed until the flow rate has 
stabilised.  
The corresponding pressure gradient data is then collected. A comprise is made between 
minimising the step increment, time taken to collect stable data and the length of pumping 
time required per test. Due to the unavoidable incremental steps in the flow rate the data 
collected forms isolated clouds of data. This means that the trend of the laminar regime and 
the turbulent regime can clearly be identified, however the region over which transition 
occurs must be interpolated to a point to enable comparison against the laminar-turbulent 
transition prediction methods. 
Table 1 and 2 show the test work carried out for this study including pipe diameters tested 
and associated solids concentrations. Figure 3 and 4 show the data generated as a pseudo-
shear diagram summary. 
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Table 1: Zinc tailings test work summary 
Material Ss Sm Cv Cw. Pipe 
[-] [-] [-] [-] [-] [NB] 
Zinc 
Tailings 
3.4 
1.75 0.312 0.607 
50 
65 
80 
1.80 0.333 0.629 
50 
65 
80 
1.85 0.354 0.650 
50 
80 
1.90 0.375 0.671 
50 
65 
1.95 0.395 0.690 50 
 
 
Figure 3: Zinc tailings pseudo-shear diagram data summary plot 
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Table 2: Fly ash test work summary 
Material Ss Sm Cv Cw. Pipe 
[-] [-] [-] [-] [-] [NB] 
Fly ash 1 2.08 
1.45 0.417 0.598 
65 
80 
1.50 0.463 0.642 
65 
80 
Fly ash 2 2.07 
1.45 0.421 0.618 
65 
80 
1.50 0.467 0.663 65 
Fly ash 3 2.01 
1.45 0.446 0.617 
65 
80 
1.50 0.495 0.663 
65 
80 
Fly ash 4 2.02 
1.45 0.441 0.617 
65 
80 
1.50 0.490 0.663 65 
Fly ash 5 2.03 1.50 0.485 0.657 65 
 
 
Figure 4: Fly ash pseudo-shear diagram data summary plot 
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FA4 - 61.7wt.wt. - 65NB
FA5 - 65.7wt.wt. - 65NB
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3.2. Closed pipeloop test system 
The pipe-loop test system used for this test work consists of a progressive cavity pump 
assembly with the electric motors rpm controlled via a variable frequency drive. The system 
piping is 50mm (nominal bore, NB). The test material passes through a vertically mounted 
magnetic flow meter. The system piping then connects to the test section piping (50NB, 
65NB and 80NB) which allows the measurement of the pressure gradient via two static 
pressure transducers. Exiting the end of the test sections the system piping passes the material 
through a vertically mounted single tube 50mm coriolis instrument for the measurement of 
Sm. From the coriolis instrument the system piping discharges back into the pump mixing 
tank for recirculation through the system. System temperature is monitored via the coriolis 
instrument and logged with other data. 
The coriolis instrument is also used to check the volumetric flow rate against the magnetic 
flowmeter. Cup and scale tests are used to check density against the coriolis instrument. 
The test section piping used is ASTM B36.10 Schedule 40 seamless carbon steel pipe with 
single length of 11.8 meters. The pipes used in the test section were new at the time of the 
test work beginning and have a manufacturing tolerance of +/- 12.5% wall thickness. From 
the piping standards table the pipes used are quoted as having an internal diameter of 52.5 
mm for the 50NB, 62.7 mm for the 65NB and 77.9 mm for the 80NB. Table 1 shows the 
minimum and maximum internal diameter possible with the allowable tolerance from the 
mill. 
Table 3: Pipe dimensional tolerance 
Size OD Wall t Nominal ID min ID max ID
[NB] [mm] [mm] [mm] [mm] [mm]
50NB 60.3 3.9 52.5 52.4 52.6
65NB 73.0 5.2 62.7 62.6 62.8
80NB 88.9 5.5 77.9 77.8 78.0  
This variation will impact the bulk velocity calculation using the cross sectional area used in 
determining bulk velocity from the volumetric flow rate. However this error will cause a less 
than 1% error on the bulk velocity calculation for all the pipe sizes here. 
The length before the first pressure tapping is 4 m, with a test length between the pressure 
tapping of 5 m, and a final length of 2.8 m. These dimensions equate to 80 times the diameter 
for the 50NB, 61 times the diameter for the 65NB and 50 times the diameter for the 80NB. 
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The instruments and equipment used in the data generation and logging during the test work 
are; 
 Memograph to log and store data generated 
 50NB Magnetic flow meter – measurement error 0.2% or 2mm/s 
 Pressure transducers – measurement error 0.075% 
 50NB Single tube coriolis instrument – measurement error 0.05% 
 Weight scales – maximum 5,000 grams +/- 2 grams error, at typical measured mass of 
2,000 grams measurement error is 0.1%. 
3.3. SAMPLING OF MATERIAL FOR TEST WORK 
The zinc tailings material to be tested using the pipeloop system is delivered to the test work 
area in 1000 L poly-bins. This material is taken from the thickener underflow and allowed to 
stand for a minimum of 12 hours to settle the solids, hence increase the concentration. The 
supernatant water is decanted from the top of the poly-bin and stored to be used as required to 
reduce the solids concentration during test sequence. The resultant higher concentration 
material is then transferred into the pipeloop mixing tank and test sequence begins. The test 
sequence starts with the highest possible concentration and after each test water is added to 
reduce the Sm to the next required concentration. Due to the likelihood of differential settling, 
the entire poly-bin of material is used per test so the solids used are a representative sample 
of the thickener underflow.  
If higher Sm is required, the material can be de-watered further using a horizontal filter belt, 
filter press, ceramic disk filter or similar device though not needed in this case. 
The fly ash material was delivered in 1000 L poly-bins in a dry powder state and is 
reconstituted using water to produce a slurry. The slurry mixture is pumped for the time 
required for the entrained air to be released. The return pipe into the mix tank is observed to 
ensure all air is released prior to testing.  
3.3.1. Particle Size Distribution, Concentration and Shape 
When pumping mineral slurry, the size distribution, shape and concentration of the particles 
are a major influencing factor on the fluid behavior. Experiments by other workers show that 
as the distribution widens, the relative viscosity tends to fall (Shook & Roco, 1991). As the 
concentration of the slurry increases the chance of inter-particle contact increase and the 
resulting higher energy dissipation leads to an increase in relative viscosity (Shook & Roco, 
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1991). However this contact is less likely if the particle sizes are very different in diameter 
and results in a lower shear resistance of slurries with broad size distributions, compared to 
those with narrow ones (Shook & Roco, 1991). 
It is easy to visualize how particle shape impacts on the energy required to pump a mineral 
slurry. With comparatively long particles, orientation is determined only by the flow and 
there is a tendency for the particles to align with the direction of flow, giving to a lower flow 
resistance. However as size decreases, Brownian motion and electro-viscous effects have a 
larger influence and agglomeration becomes more likely (Shook & Roco, 1991). Brownian 
motion randomizes particle orientation with respect to the shear field, preventing particles 
from aligning with direction of flow and reducing flow resistance. Therefore, the viscous 
resistance to shear of fine-particle slurries is increased by Brownian motion (Shook & Roco, 
1991). 
3.3.2. Physical-Chemical Properties 
Shook and Roco (1991) state that there are at least two electroviscous contributions to the 
shear resistance of slurries. One of the effects results from when the charge cloud around the 
particles is distorted during flow. At higher concentrations the charge cloud around the 
particles interact as the particles move past each other during shear resulting in an increased 
shear resistance. Surface charge effects including zeta potential, strongly influences 
aggregation of fine particles with in turn influence shear resistance. If the aggregate size 
decreases with increasing shear rate, shear thinning occurs. Thus, low zeta potential is often 
associated with shear thinning (Shook & Roco, 1991). 
Chhabra and Richardson (1999) state that it is possible to control the rheological behaviour of 
a colloidal suspension by altering the balance of attractive and repulsive forces. Two 
commonly used approaches to achieve this goal are via the addition of an electrolyte to a 
suspension of charged particles and by altering the pH of the solution. In the first case, 
similar charges on particle surface lead to a strong repulsion between neighbouring particles, 
which in turn restricts the mobility (except for Brownian effects) of particles even in the 
presence of shear thereby resulting in a very high value of viscosity (Chhabra & Richardson, 
1999).  
Now, with the addition of a salt to the aqueous phase, the charges on the particle are shielded 
(thus lowering the repulsion) and this improves the mobility of the system (lower viscosity), 
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at least at low shear rates. With the further addition of salt, at some stage, there is no net 
charge (neutral) on the particles and this corresponds to minimum viscosity. Further addition 
reduces the repulsion and the van der Waals attractive forces take over leading to flocculation 
which is accompanied by an increase in viscosity (Chhabra & Richardson, 1999).   
 
Chhabra and Richardson (1999) use a kaolin suspension as an example of how the 
rheological behaviour similarly modified by adjusting the solution pH or by adding a 
surfactant. They go on to explain that the kaolin consists of plate-like particles and depending 
upon the surface charges, it can form aggregates, which are either edge–face (house of cards) 
type or face–face type in quiescent conditions. These two possibilities result in completely 
different rheological behaviour. As would be expected the „ house of cards‟ configuration 
exhibits a yield stress due to the formation of three-dimensional networks whereas the face–
face interaction, by adding a surfactant, the yield stress disappears altogether and the 
suspension shows a much lower viscosity (Chhabra & Richardson, 1999). 
3.3.3. Zinc Tailings Sample 
Zinc tailings are the waste stream of an underground zinc mine. Hence the particles are 
produced from the ore being crushed, then ground before passing through the processing 
plant to extract the valuable mineral. The solid dry density (Ss) of the tailings will vary 
slightly due to mining region within the orebody however a Ss of 3.4 was provided by the 
mine and will be used to determine Cw from the mixture relative density (Sm). A particle size 
distribution (PSD) taken at the time of the test work can be seen in Figure 5. Zinc tailings 
have a P80 of 90 µm, minus 10 µm of 20 % and a Pmax of 331 µm. 
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Figure 5: Zinc tailings particle size distribution 
As can be seen in Figure 5 the zinc tailings sample is broader in compassion to the fly ash 
sample PSD (Figure 6) and has a larger maximum particle size and a greater portion of fines 
below 10 micron.  
3.3.4. Fly Ash Sample 
Fly ash is a waste product from the burning of coal for the purposes of generating electricity. 
The coal is fed into the boilers where it is ignited and burnt. The non-combustible stone 
potion of the coal feed either falls to the bottom of the boiler and is termed bottom ash, or is 
removed from the rising combustion gases and is termed fly ash. Other workers in the field 
have found Fly ash to be spherical in shape, most likely due to the method of production of 
intense heat then cooling. 
The fly ash is then pneumatically conveyed to the ash plant to be conditioned, mixed and 
pumped for disposal. 
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Figure 6: Fly ash particle size distribution 
The particle size distribution of the fly ash sample is slightly narrower than that of the zinc 
tailings with a smaller maximum size. 
3.4. PIPE-LOOP TESTING METHODOLOGY 
To test high solids concentration slurries for rheological properties using a pipe-loop the 
slurry material must be pumped at desired solids concentration/relative density (RD), varying 
flow rate and the pressure difference measured over the length of the test section of pipe. 
Measurement of the pressure gradient is done by using pressure transducers at two points in 
the test length pipe on the pipe-loop. A pressure tapping drill hole of 5 mm diameter and 
welded 12.5 mm nipple is used to transmit pressure to the instrument at each measurement 
point. A 12.5 mm cross-piece fitting is used to allow venting to atmosphere, flushing of 
instrument assembly, pressure reading and connection to the pipe-loop with a valve isolating 
each component. Water at mains pressure (approx. 300 – 500 kPa) is used to flush air from 
the cross-piece and connection to the pressure transducer. When the vent taps are closed and 
test pipe valves are open, a buffer of water separates the instrument from the slurry. This 
reduces the likelihood of solids blocking the pressure connection and giving unreliable 
readings. The tapping drill hole leading to the test pipe can be cleaned at the end of a test 
sequence when the pump rpm are low and hence system pressure is below that of the flush 
Particle Size (μm) 
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water pressure. Flushing is done by opening the flush water hose valve to the cross-piece and 
opening the valve to the test pipe and allowing water to pass through the tapping hole and 
into the test pipe. As the test work will be carried out starting with the highest solids 
concentration and reducing to the minimum required, the dilution of the slurry by the flush 
water is not an issue. The decanted process water is used to lower the RD of the test material 
in preparation for the next test. 
3.5. Pipeloop system commissioning and validation 
The pipeloop system to be used in the test work needs to be commissioned and validated so 
that a high level of confidence of the data generated can be obtained. A water curve needs to 
be established to validate the test equipment. This is done by running test sequence using 
water and comparing the collected data against the Colebrook-White equation. The closed 
pipeloop system is considered valid when the water curve data correlates with Colebrook-
White equation and hence the test work data collected from this point is also valid. 
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Figure 7:Water curve data points and Colebrook-White equation 
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Table 4: Water curve data points 
 
The next step is to pump water through the pipeloop to flush out any unwanted particles and 
lubricate or “slick” the internals of the pipe and pump. Excess water is to be drained from the 
system as this will cause lowering of the starting RD of the slurry to be tested. The settled 
solids are now added to the mixing tank. At this point, experience with the operation of this 
test system is required to adjust the initial mixture relative density (Sm) to the minimum 
amount of material for the pump to operate so as not to bog the pump resulting in tripping out 
of the pump control system or running the pump dry resulting in damage to the pump rotor 
and stator. Once the pump is running at its lowest sustainable speed the remaining settled 
solids are to be placed into the pump feed hopper. When the level in the mixing tank is above 
the agitator impeller the agitator can be started to mix the test slurry.  
Once the test slurry is placed into the pipe-loop and the start Sm is reached a test sequence can 
begin. One pipe diameter is used for each test sequence, using increments of 0.05 between 
ranges of Sm required for the test work (e.g. 2.20 – 1.70). This allows data to be collected for 
a full range of potential pumping system operating solids concentrations. 
It has been noted through experience that the typical highest volumetric concentration (Cv) is 
approximately Cv= 0.55. The associated weight concentration (Cw) and Sm are dependent on 
the solids density (ρs). 
Equations 45 – 52 are flow, mass balance and concentration equations used during test work. 
 
AVG STD_DEV AVG STD_DEV AVG STD_DEV AVG STD_DEV AVG STD_DEV AVG STD_DEV
0.0 0.000 0.0 0.000 0.0 0.000 0.0 0.001 0.0 0.000 0.0 0.000
2.6 0.000 0.0 0.002 2.6 0.000 0.0 0.001 2.7 0.001 0.0 0.002
5.2 0.000 0.1 0.004 5.3 0.005 0.0 0.006 5.9 0.003 0.0 0.002
7.8 0.003 0.2 0.001 7.9 0.005 0.1 0.003 8.8 0.002 0.0 0.005
10.4 0.007 0.4 0.001 10.5 0.007 0.2 0.001 10.8 0.002 0.1 0.002
13.0 0.005 0.6 0.002 13.1 0.007 0.2 0.001 13.3 0.004 0.1 0.003
15.6 0.005 0.8 0.001 15.8 0.005 0.3 0.001 16.4 0.002 0.1 0.005
18.2 0.000 1.1 0.001 18.4 0.005 0.5 0.003 18.9 0.008 0.2 0.006
20.9 0.004 1.5 0.002 21.1 0.005 0.6 0.002 22.1 0.002 0.2 0.004
23.5 0.009 1.9 0.001 23.7 0.002 0.8 0.001 24.4 0.004 0.3 0.008
26.0 0.007 2.3 0.002 26.3 0.006 1.0 0.001 27.0 0.004 0.3 0.003
28.6 0.000 2.8 0.002 28.9 0.008 1.2 0.001 29.5 0.006 0.4 0.002
31.2 0.005 3.3 0.001 31.5 0.008 1.4 0.003 32.4 0.005 0.5 0.006
33.8 0.004 3.9 0.003 34.1 0.007 1.7 0.001 34.7 0.008 0.6 0.002
36.4 0.011 4.5 0.004 36.7 0.006 1.9 0.002 37.3 0.006 0.6 0.012
38.9 0.006 5.2 0.003 39.3 0.005 2.2 0.003 40.1 0.003 0.7 0.005
80NB
Q dp
[m3/h] [kPa/m]
Q dp
[m3/h] [kPa/m]
50NB 65NB
Q dp
[m3/h] [kPa/m]
 RMIT University 
  40 
         
(45) 
         
(46) 
   
  
  
 
(47) 
   
  
  
 
  
     
 
(48) 
   
  
  
 
  
     
 
(49) 
   
  
  
 
(50) 
   
    
    
 
(51) 
     (    )    
(52) 
For non-settling or slow-settling test slurries the pump can be stopped. This allows data to be 
collected for the start-up of the pump system. The test sequence begins upon starting the 
pump at the minimum speed setting. The pump speed is increased to the next speed setting, 
allowed to stabilise for 10 seconds and run for 20 seconds for data to be collected and 
increased to the next speed setting. This is repeated up to the pump‟s maximum range then 
this process is reversed, repeating the test from maximum speed to minimum speed. Water is 
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added to the system to reduce the Sm of the test slurry and the method mentioned above is 
followed until the lowest required mixture density is reached. 
For settling slurries, the pump speed reduced to the lowest possible speed which facilitates 
settled bed saltation or stick/slip motion and can be seen in the clear pipe sections attached to 
the test pipe lengths. This is the lowest possible sustainable speed; below this the likelihood 
of pipe blockage is high. This speed setting is the starting point of the test sequence and the 
above mentioned method is now followed. 
The data generated during the test sequence can now be downloaded from the memograph as 
a comma separated value file (data.csv) and analysed using spreadsheet software. This 
concludes a test sequence for one pipe diameter.  
3.6. Temperature variation 
Temperature variation is an unavoidable result of pumping high concentration slurry in a 
closed loop system. To help minimise this variation the test work is to be carried out in as 
short a timeframe as possible.  
Table 5: Zinc tailings temperature increase during test work 
 
 
 
 
 
 
Material Sm Cw. Pipe Start Temp Finish Temp ∆Temp
[-] [-] [-] [NB] [°C] [°C] [°C]
50 39.6 39.8 0.2
65 31.2 31.5 0.3
80 38.0 38.1 0.1
50 39.2 39.4 0.2
65 31.3 31.7 0.4
80 38.0 38.1 0.1
50 38.8 39.0 0.2
80 38.0 38.2 0.2
50 37.9 38.4 0.5
65 29.9 30.4 0.5
1.95 0.690 50 36.9 37.5 0.6
Zinc Tailings
1.75
1.80
1.85
1.90
0.607
0.629
0.650
0.671
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Table 6: Fly ash temperature increase during test work 
 
Table 5 and 6 show the temperature increase during test work as measured by the in-line 
coriolis instrument. The largest temperature increase can be seen for the zinc tailings due to 
the number of density steps required, hence the time taken to complete the test work. For the 
50NB pipe at a starting temperature of 36.9 °C and a finishing temperature of 39.8 °C is an 
increase of 2.9 °C, an increase of 7.8 %. 
Increasing the slurry temperature will affect the rheological parameters in a similar way for 
the viscosity of a Newtonian fluid (Govier & Aziz, 1972). Tsai and Knell (1986) found that 
an increase in temperature from 25 – 50 °C of coal water slurry reduced the apparent 
viscosity of the mixture but had no effect on pseudo-plasticity. Further increase in 
temperature of 50 – 60 °C  resulted in an enhanced pseudo-plasticity and a decrease in the 
flow behaviour index, n. This will affect the critical velocity at which the fluid transitions 
from laminar to turbulent flow regimes due to the change in the mixtures rheological 
parameters. However, the temperature variation experienced during this testwork was not 
found to be outside of normal expected operating values for the slurries being tested. 
 
  
Material Sm Cw. Pipe Start Temp Finish Temp ∆Temp
[-] [-] [-] [NB] [°C] [°C] [°C]
65 27.0 27.4 0.4
80 27.0 27.4 0.4
65 28.6 29.1 0.5
80 28.6 29.1 0.5
65 32.6 33.4 0.8
80 32.6 33.4 0.8
1.50 0.663 65 36.4 37.3 0.9
65 35.1 35.7 0.6
80 35.1 35.7 0.6
65 38.1 38.8 0.7
80 38.1 38.8 0.7
65 26.0 26.7 0.7
80 26.0 26.7 0.7
1.50 0.663 65 27.8 28.8 1.0
Fly ash 5 1.50 0.657 65 35.9 36.2 0.3
Fly ash 3
0.617
0.663
Fly ash 4
0.617
1.45
1.50
1.45
1.45
1.50
1.45
Fly ash 2
Fly ash 1
0.618
0.598
0.642
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CHAPTER 4: DATA ANALYSIS 
4.1. Error associated with pipeloop test data and analysis 
4.1.1.1. Pipeloop test work 
When carrying out the pipeloop test work on industrial scale equipment there is an inherent 
error with many aspects of the test system. These errors include; 
a. pipe internal diameter dimensions used in calculations 
As the bulk velocity is a derived value calculated from the volumetric flowrate as measured 
by a magnetic flowmeter and coriolis instrument. In order to calculate the bulk velocity the 
flow rate is divided by the internal cross-sectional area of the pipe. 
b. instrument inherent error 
All instruments have an inherent error in their ability to measure. This is more the case when 
industrial process instrument are used. Each of the instruments used have the associated 
measurement error presented. 
c. density adjustment error 
As the slurry is flowing in a continuous closed loop and will have slight variations throughout 
there will be an error associated with taking a point measurement and applying this for the 
whole system.  
d. temperature variation error (mixture temp, instrument temp, variation of temp 
on pipe work) 
The temperature of the slurry should be taken in a consistent and continuous manner. 
Although there will be slight variations throughout the system a point measurement is 
considered for the whole sample.  
e. sample error, PSD, pH, mineralogy, particle shape, oxidisation, variation of 
chemical additives and quantity during processing 
As the sample the testwork is carried out on is produced from an industrial process there are 
many aspects that are prone to variation. For this reason the test work carried out is a snap 
shot of the material behaviour and a change in the sample will result in a change in its 
behaviour. 
f. system noise/ vibration 
The industrial scale equipment used will have vibration and system noise associated with the 
type of mechanical action, manufacturing tolerance, wear, misalignment and system location 
and setup aspects that contribute to the error due to system noise and vibration. 
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g. test section pipework not horizontal 
As testwork is carried out on industrial scale equipment in an industrial setting any elevation 
change along the length of the test pipe length will cause a pressure change and and 
associated error with the testwork results. 
h. distance between pressure tappings used in calculations 
If the distance between the pressure tappings is not accurately measured then the calculated 
wall shear stress will have an increased error. 
i. identifying stable conditions for each flow rate setting 
This is done to remove the meaningless data logged during flow rate changes. As the system 
will exhibit a delay between a speed change via the VSD, the pump increasing flowrate and 
then a resultant pressure change the data during this period has no value. 
j. pressure and flow variation due to progressive cavity pump operation 
Due to the pumping action of the progressive cavity pump, delivering small pulses of flow, 
the data needs to be logged for a consistent period of time to allow a trend to stablise. 
k. pressure and flow variation due to instrument measurement sample rate 
Industrial scale instrumentation is used and set to a sample rate of once per second so change 
occurring quicker than this maybe missed therefore data needs to be logged for a consistent 
period of time to allow a trend to stabilise 
l. calculate wall shear stress, [∆PD/4L] 
i. assume test section pipe internal diameter 
ii. use measured distance between pressure tappings 
iii. use pressure gradient data generated on pipeloop 
m. calculate pseudo-shear rate, [8V/D] 
i. use measured volumetric flow rate 
ii. assume test section pipe internal diameter to calculate cross-sectional 
area and hence Bulk Velocity 
n. determine average and standard deviation for each speed setting sub-set of 
data 
4.1.2. Pipeloop data analysis 
Once the test work has been completed the data needs to be analysied to produce the pseudo-
shear diagrams need for material characterisation as a part of the design process. 
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4.1.2.1. Develop Pseudo-shear Diagram 
a. Plot wall shear stress [∆PD/4L]vs pseudo-shear rate [8V/D] 
b. check for different test section pipe diameter data is co-linear 
c. smaller pipe diameters will transition to turbulent at high pseudo-shear rate 
and move progressively down in pseudo-shear rate as the pipe diameter 
increases 
d. check data either trending towards zero or crossing the ordinate, indicating 
apparent yield stress value 
4.2. Comparison of pipeloop test work data analysis methods 
Two methods of analysing the pipeloop data to determine the rheological parameters will be 
presented in this section. The first presented is using the Rabinowitch-Mooney transformation 
to develop a true rheogram (Lazarus and Slatter (1988); Govier and Aziz (1972)) and in this 
instance called the classical text-book method. 
1. Begin data reduction using the classical text book method. 
2. Generate a double logarithmic plot using Laminar data, [Ln(∆PD/4L) vs Ln(8V/D)] to 
determine n'. 
a. use MS Excel trendline function to model log-log plot 
b. data standard deviation is used to determine accuracy of log-log plot 
derivative for each point 
c. for a Bingham plastic material n' is less than 1 (Lazarus and Slatter, 1988) 
d. for a yield pseudo plastic material n' is less than the fluid behaviour index, n 
(Lazarus and Slatter, 1988) 
e. note for material with yield stress, i.e. Bingham plastic and yield-pseudo 
plastic, n' is not a constant (Lazarus and Slatter, 1988) 
f. The body of previous work states that if this inconsistency occurs, n' is to be 
determined from the tangent of the curve of the data points 
g. Due to the error associated with the generation of experimental error the 
results are inherently inaccurate 
h. another method is to determine the derivative of the slope for each data point 
which will imposed the same inaccuracies as the tangent of the curve method, 
if not more due to focusing on a single point and its associated error as 
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opposed to a trend of data as in the tangent of the curve method (Lazarus and 
Slatter, 1988). 
 
3. assuming the resultant n' value is acceptable, than the Rabinowitsch-Mooney 
transformation is used to calculate true shear rate at the wall from the pseudo-shear 
rate which has been derived from the volumetric flow rate. 
a. this transformation effectively applies a multiplication factor to the pseudo-
shear rate to calculate the true shear rate at the pipe wall 
b. this is based on the assumptions; 
i. zero slip at the wall, meaning velocity is zero at the pipe wall 
ii. flow is laminar 
iii. fluid is homogeneous 
iv. no time dependency 
4. Use the resultant true shear rate at the pipe wall to plot the rheogram. 
a. Where the rheogram intersects the ordinate is the yield stress of the fluid, read off 
the ordinate the approximate yield stress value, this will be the starting point used 
the determine the yield stress 
b. Calculate Ln(true shear rate at the wall) and Ln(wall shear stress - estimated yield 
stress value) 
c. Use the R-squared function in MS Excel and maximise to determine the Yield 
Stress value. 
d. Using the Ln(true shear rate at the wall) and Ln(wall shear stress) associated with 
the yield stress and plot 
e. Apply a linear trendline to the data and read off the slope of the line as the flow 
behaviour index, n and the ordinate intersection as the natural log of the fluid 
consistency index, Ln(K) 
5. The rheological parameters (Ty, K, n) are now determined for the fluid and can be 
applied to the rheogram using the Hershel-Bulkley relationship and applied to the 
pseudo-shear diagram using the yield pseudo-plastic relationship, equation (9). 
6. Using the determined rheological parameters, plot the Hershel-Bulkley relationship 
over the rheogram and confirm relationship to data fit. 
7. Plot yield-pseudoplastic relationship using the same rheological parameters and 
overlay the pseudo-shear diagram and confirm the relationship to data fit. 
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Table 7: Zinc tailings laminar data points 
 
 
 
Figure 8:Zinc tailings Ln(DΔP/4L) vs Ln(8V/D) plot to determine n‟ 
R-M Transform τy 5.5 [Pa]
V ∆P 8V/D ∆PD/4L Ln(8V/D) Ln(∆PD/4L) n' (3n'+1)/(4n') γ0 Ln(γ0) Ln(τ0-τy)
[m/s] [kPa/m] [s-1] [Pa] [-] [-] [-] [-] [s-1] [-] [-]
1.62 0.88 206.2 13.8 5.33 2.63 0.309 1.56 321.2 5.77 2.12
1.31 0.82 167.2 12.8 5.12 2.55 0.284 1.63 272.5 5.61 1.99
1.41 0.66 144.6 12.9 4.97 2.56 0.267 1.69 243.9 5.50 2.00
1.26 0.64 128.9 12.4 4.86 2.52 0.253 1.74 224.0 5.41 1.93
1.01 0.80 128.8 12.5 4.86 2.52 0.253 1.74 223.9 5.41 1.94
1.10 0.62 113.1 12.0 4.73 2.48 0.237 1.80 204.0 5.32 1.87
0.94 0.59 97.0 11.6 4.57 2.45 0.219 1.89 183.5 5.21 1.80
0.69 0.73 87.5 11.4 4.47 2.44 0.207 1.96 171.5 5.14 1.78
0.78 0.58 79.8 11.4 4.38 2.43 0.196 2.03 161.9 5.09 1.77
0.61 0.57 62.6 11.0 4.14 2.40 0.166 2.25 141.0 4.95 1.71
0.47 0.68 60.2 10.7 4.10 2.37 0.162 2.30 138.3 4.93 1.64
0.44 0.54 45.0 10.6 3.81 2.36 0.127 2.72 122.5 4.81 1.63
R2 0.982
y = 0.055x2 - 0.326x + 2.794
R² = 0.982
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Figure 9:Zinc tailings plot to determine yield stress value 
 
Figure 10:Zinc tailings log-log plot of rheogram to determine rheological parameters 
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Figure 11:Zinc Tailings laminar data plotted as rheogram and pseudo-shear diagram (with 
both pseudo-shear rate and true shear rate data points plotted in the x-axis for display 
purposes) showing model to data fit. 
It can be noted in Figure 6 that there is significant deviation between the rheogram and the 
pseudo-shear diagram indicating that this method breaks down for this particular slurry and 
associated data set. 
In the case that n‟ is not constant, the literature states that n‟ should be evaluated from the 
tangent to the curves (Lazarus and Slatter, 1988). This is problematic for experimental data as 
test work is carried out over limited shear stress values.  
One possible reason for the discrepancy shown in Figure 6 is the variation in the data points 
used to determine n‟ in Figure 3. This variation or experimental error is caused by such 
aspects of industrial scale test work such as pumping action, instrument error, slurry 
behaviour during pumping and is often impractical to eliminate. Hence the requirement to 
directly apply the yield-pseudoplastic model to pipeloop test work data as shown by Lazarus 
and Slatter (1988). 
The second method of determining the rheological parameters has been developed from the 
premise that a suitable link between the pseudo-shear rate and the true shear rate is absent 
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(Lazarus and Slatter, 1988). Hence, the principle of determining the rheological parameters 
from the classical text book method was abandoned and the rheological parameters were 
determined directly from the pseudo-shear diagram (Lazarus and Slatter, 1988). The second 
method, in this instance called the least squares method is outlined below; 
1) Begin data reduction using the least squares regression method 
2) Plot the laminar portion of the pseudo-shear diagram, ∆PD/4L vs8V/D 
3) Visually determine the approximate yield stress 
4) Use the yield-pseudoplastic relationship, Equation (9), and calculate 8V/D from 
the equivalent ∆PD/4L data points 
5) Plot the yield-pseudoplastic relationship over the experimental data 
6) Using the approximate yield stress value, use the solver function in excel to 
calculate the associated K and n values. 
7) Note the results of K and n for the associated yield stress value along with the 
error squared value in comparison with the actual 8V/D data 
8) Vary the yield stress value (increasing and decreasing) and using the procedure 
above note the associated K and n values along with the error squared value 
9) Where the error squared value minimises is the best fit of the yield-pseudoplastic 
relationship against the data points. 
10) Check the determined rheological parameters against the data using the yield-
pseudoplastic relationship, Figure 10. 
The rheological parameters for the zinc tailings and the fly ash as determined by this method 
can be seen in Table 8 and 9. 
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Figure 12:Pseudo-shear diagram showing pipeloop data and yield-pseudoplastic model fit 
using rheological parameters determined from the least squares method. 
Table 8: Zinc tailings rheological parameters 
Material Cw Cv τy K n 
[-] [-] [-] [Pa] [Pa.s
n
] [-] 
Zinc 
Tailings 
0.61 0.31 4.8 0.021 1.00 
0.63 0.33 8.3 0.018 1.00 
0.65 0.35 12.7 0.027 1.00 
0.67 0.38 17.2 0.050 1.00 
0.69 0.40 30.0 0.070 1.00 
 
 
0
5
10
15
20
25
30
35
40
45
50
0 50 100 150 200 250 300 350 400
W
a
ll
 S
h
ea
r 
St
re
ss
 [P
a
]
Pseudo-shear Rate [1/s]
Pseudo-shear Diagram - Zinc Tailings
50NB
65NB
80NB
Yield-pseudoplastic 
model
 RMIT University 
  52 
 
Figure 13: Zinc tailings pseudo-shear diagram showing yield-pseudoplastic model for the 
associated rheological parameters. 
Table 9: Fly ash rheological parameters 
Material Cw. Cv τy K n 
[-] [-] [-] [Pa] [Pa.s
n
] [-] 
Fly ash 1 
0.598 0.417 0.3 0.134 0.66 
0.642 0.463 1.8 0.059 0.99 
Fly ash 2 
0.618 0.438 1.1 0.081 0.82 
0.663 0.487 4.5 0.088 0.96 
Fly ash 3 
0.617 0.445 1.0 0.051 0.89 
0.663 0.495 2.7 0.114 0.94 
Fly ash 4 
0.617 0.444 1.1 0.051 0.92 
0.663 0.493 4.7 0.038 1.13 
Fly ash 5 0.657 0.485 2.7 0.051 0.99 
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Figure 14: Fly ash pseudo-shear diagram showing yield-pseudoplastic model for the 
associated rheological parameters. 
 
Figure 15: Zinc tailings and fly ash pseudo-shear diagram overlay 
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These rheological parameters can now be used to plot the laminar region of the flow 
behaviour for the relative densities tested and applied to flow transition prediction methods, 
as seen in the appendix. 
4.3. Determining the observed laminar-turbulent transition point 
The pseudo-shear rate, hence critical velocity, where the fluid behaviour transitions from 
laminar flow to turbulent flow is required. This point of transition needs to be determined to 
allow the comparison of the observed transition point to one of the 9 established prediction 
methods used in this study. As the laminar-turbulent transition occurs over a range of shear 
rates an objective and consistent method of determining the transition point needs to be used 
to provide fair comparison between methods. 
If the transition point can be accurately and consistently predicted then confident scale up of 
pipe sizes can be achieved. This has major implications in the design of pump and piping 
systems of pipe diameters larger than those practicably tested on a pipeloop test system.  
Below is a list of methods to determine the laminar-turbulent transition; 
1) Visual approximation of transition from data plots 
2) Standard deviation of pressure gradient at transition (Vlasak & Chara, 2004) 
3) Using the normalised adherence function (Slatter, 1999) 
4) Defining the three flow regimes to determine transition 
Below is a description of each method; 
4.3.1. Visual determination of transition from pseudo-shear diagram 
Visual determination of the bulk shear stress (8V/D) from the pseudo-shear diagram where 
flow ceases to be laminar by visually determining the point at which the laminar and 
turbulent data meet. 
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Figure 16: Plot showing visual approximation of transition point 
Due to the transition being found by visual approximate is dependent on the workers 
judgment of the most appropriate position for the transition point this method is too 
subjective to allow rigorous comparison between the determined transition point and the 9 
established prediction methods used in this study. Hence this method will not be used. 
4.3.2. Fit standard deviation of pressure gradient 
Using the standard deviation of the pressure gradient measured from pipeloop test work to 
observe a spike in standard deviation during transition indicates a region of flow instability 
which may be used to determine the laminar-turbulent transition point. Fitting a parabola to 
this increase of variation yields the maximum deviation and hence the transition point. Vlasak 
and Chara (2004) found that pressure fluctuation could well indicate the laminar-turbulent 
transition on their work on fine-grained slurries. This defined maximum indicates the laminar 
to turbulent transition point or the point at which the most instability is occurring. The 
concept of puffs and slugs has been described by other workers (Rudman et al. 2002). It is 
hypothesised that these puffs and slugs result in this spike in standard deviation of the 
pressure gradient and hence may be used to better understand laminar to turbulent transition. 
As this is not the focus of this study this phenomenon will form the basis of further work in 
0
10
20
30
40
50
60
0 50 100 150 200 250 300 350 400 450 500
D
Δ
P
/4
L 
[P
a]
8V/D [1/s]
Zinc Tailings - Pseudo Shear Diagram - Observed Transition Point
50NB 65NB 80NB Eqn2.13 OTP NB50 OTP NB65 OTP NB80
 RMIT University 
  56 
this area of research. Appendix C shows plots of the standard deviation overlay the pipeloop 
data. 
 
Figure 17: Plot showing spike in standard deviation of pressure gradient identifying the 
laminar-turbulent transition. 
It can be seen in the appendix that the plots of the standard deviation and test work data that 
much variation exists between the observed transition and the spike in standard deviation 
indicating maximum flow instability. This variation between the observed transition and the 
spike in standard deviation means that this method proves deficient for this study as the 
comparison between the observed transition point and the prediction methods require a more 
rigorous approach. 
4.3.3. Using normalised adherence function method 
The normalised adherence function method (Slatter, 1999) essentially suffers from the same 
weakness as the visual approximation method as the data generated during test work is not 
continuous and requires interpolation between the last point of stable laminar flow and the 
first point of fully developed turbulent flow. As has been discussed previously, transition 
occurs over a range, however a point needs to be defined for the purposes of comparison. The 
average point data shown on the data plots in the appendix are either in laminar, transition 
region or turbulent. Whereas the transition point required to be determined would lie 
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somewhere between the laminar and turbulent region, hence a method of interpolation 
between data points is needed. For this reason this method is not used. 
4.3.4. Using minimum and maximum transition region velocities to define 
transition velocity 
Determining the observed transition point from pipe-loop test work data by considering the 
three main regimes displayed on the pseudo-shear diagram allows interpolation between 
points of data and may be used to determine the laminar-turbulent transition point. By 
defining the stable laminar and stable turbulent flow regimes the transitional flow regime can 
also be defined. The mean of the minimum velocity and maximum velocity is considered the 
transition velocity for the purposes of comparison against the established transition prediction 
methods. 
 
Figure 18: Plot showing the three distinct flow regimes and the boundaries of the transition 
region. 
From these 4 options discussed here option 4 was chosen due to its interpolation between 
data points. Option 4 is objective and will allow fair comparison between established 
prediction methods. 
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Table 10: Zinc tailings observed transition 
Material Sm Cw. Pipe Vc_obv 
[-] [-] [-] [NB] [m/s] 
Zinc Tailings 
1.75 0.607 
50 1.56 
65 1.5 
80 1.33 
1.80 0.629 
50 1.72 
65 1.86 
80 1.71 
1.85 0.650 
50 2.42 
80 2.13 
1.90 0.671 
50 3.42 
65 3.13 
1.95 0.690 50 4.64 
 
Table 11: Fly ash observed transition 
Material Sm Cw. Pipe Vc_obv 
[-] [-] [-] [NB] [m/s] 
Fly ash 1 
1.45 0.598 
65 0.93 
80 0.89 
1.50 0.642 
65 1.83 
80 1.57 
Fly ash 2 
1.45 0.618 
65 1.04 
80 1.1 
1.50 0.663 65 2.54 
Fly ash 3 
1.45 0.617 
65 1.12 
80 1.01 
1.50 0.663 
65 2.68 
80 1.99 
Fly ash 4 
1.45 0.617 
65 1.14 
80 1.12 
1.50 0.663 65 2.74 
Fly ash 5 1.50 0.657 65 1.85 
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4.1. Chapter summary 
This chapter has shown the process and considerations used to convert the large amount of 
raw data produced by test work into pseudo-shear diagrams that are used for the 
characterisation of the tested material. The selection of the observed transition point for the 
purposes of objective comparison between the established transition prediction methods and 
the observed transition point from test work data has been discussed. 
By the direct application of the yield-pseudoplastic model to the testwork data the rheological 
parameters have been found. This allows the established prediction methods to calculate the 
predicted point of transition. 
By considering the region of transition and interpolating to find a point of transition an 
objective comparison can be made between the established prediction methods and the 
observed transition found by test work. 
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CHAPTER 5: RESULTS AND DISCUSSION 
5.1. Laminar-turbulent transition prediction method results statistics 
Nine laminar-turbulent transition prediction methods have been compared against 26 
observed transition points for two types of mineral slurries (zinc tailings and fly ash). The 
calculated laminar-turbulent transition velocity using the transition prediction methods is 
compared against the observed laminar-turbulent transition point and the error % calculated 
for each.  
Table 12 shows the mean of the calculated error % and standard deviation of the calculated 
error % for the nine prediction methods when compared against the total 26 observed 
transition points. The zinc tailings and fly ash are combined to indicate which of the 
prediction methods are universal for different mineral slurries. The results in table 13 and 14 
are for zinc tailings and fly ash mineral slurry test work respectively. 
Table 12: Combined test work results transition prediction method error % statistics 
Test 
Vc 
MR 
Vc 
NEWT 
Vc 
nn 
Vc 
BP 
Vc 
intersect 
Vc 
Zmax 
Vc 
Re3 
Vc 
SW2000 
Vc 
ReG 
MEAN 
[error%] 
17 30 52 37 13 17 8 27 12 
STD DEV 
[error%] 
8 11 22 54 9 8 6 56 11 
 
Table 13 shows the mean of the calculated error % and standard deviation of the calculated 
error % for the nine prediction methods when compared against the 11 observed transition 
points for the zinc tailings test work. 
Table 13: Zinc tailings transition prediction method error % statistics 
Test 
Vc 
MR 
Vc 
NEWT 
Vc 
nn 
Vc 
BP 
Vc 
intersect 
Vc 
Zmax 
Vc 
Re3 
Vc 
SW2000 
Vc 
ReG 
MEAN 
[error%] 
22 42 76 22 8 24 7 5 17 
STD DEV 
[error%] 
8 4 5 7 7 5 6 4 10 
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Table 14 shows the mean of the calculated error % and standard deviation of the calculated 
error % for the nine prediction methods when compared against the 15 observed transition 
points for the fly ash test work. 
Table 14: Fly ash transition prediction method error % statistics 
Test 
Vc 
MR 
Vc 
NEWT 
Vc 
nn 
Vc 
BP 
Vc 
intersect 
Vc 
Zmax 
Vc 
Re3 
Vc 
SW2000 
Vc 
ReG 
MEAN 
[error%] 
14 21 34 49 16 11 9 43 9 
STD DEV 
[error %] 
5 5 6 69 10 5 6 70 10 
 
Using a confidence interval (CI) of 95% the equation below gives the minimum and 
maximum bounds for the laminar-turbulent prediction method. 
 ̅        
(53) 
Table 15: Minimum and maximum bounds at 95% CI for the combined test work results 
95% CI 
Vc 
MR 
Vc 
NEWT 
Vc 
nn 
Vc 
BP 
Vc 
intersect 
Vc 
Zmax 
Vc 
Re3 
Vc 
SW2000 
Vc 
ReG 
 ̅[Error % mean] 17 30 52 37 13 17 8 27 12 
σ[Error% SD] 8 11 22 54 9 8 6 56 11 
1.96σ 16 22 43 106 18 16 12 110 22 
 ̅        1 8 9 -69 -5 1 -4 -83 -10 
 ̅        33 52 95 143 31 33 20 137 34 
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5.2. Zinc tailings Results 
The pipeloop test work sequence for the zinc tailings was carried out in 3 pipe diameters, 
50NB, 65NB and 80NB with a solids weight concentration range of 0.61 – 0.69. The results 
from the prediction methods can be seen in Table 16 and 17.Table 18 and 19 shows the 
statistical error % results when the prediction method critical velocity is compared against the 
observed transition point. 
Table 16: Zinc tailings transition prediction method velocity results part 1 of 2 
Materia
l 
Sm Pipe Vc_obv Vc_MR Vc_NEWT Vc_nn Vc_BP Vc_intersect 
[-] [-] [NB] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] 
Zinc 
Tailings 
1.75 
50 1.56 1.24 0.99 0.48 1.25 1.44 
65 1.50 1.18 0.91 0.40 1.20 1.41 
80 1.33 1.31 0.84 0.32 1.15 1.40 
1.80 
50 1.72 1.46 1.06 0.40 1.49 1.70 
65 1.86 1.41 0.99 0.33 1.45 1.69 
80 1.71 1.37 0.91 0.27 1.41 1.69 
1.85 
50 2.42 1.84 1.39 0.58 1.87 2.16 
80 2.13 1.71 1.19 0.39 1.76 2.12 
1.90 
50 3.42 2.37 1.95 1.05 2.38 2.80 
65 3.13 2.25 1.80 0.88 2.27 2.74 
1.95 50 4.64 3.13 2.60 1.20 3.00 3.57 
 
Table 17: Zinc tailings transition prediction method velocity results part 2 of 2 
Material Sm Pipe Vc_obv Vc_Zmax Vc_Re3 Vc_SW2000 Vc_ReG 
[-] [-] [NB] [m/s] [m/s] [m/s] [m/s] [m/s] 
Zinc 
Tailings 
1.75 
50 1.56 1.25 1.54 1.59 1.77 
65 1.50 1.18 1.49 1.51 1.74 
80 1.33 1.10 1.45 1.41 1.71 
1.80 
50 1.72 1.41 1.88 1.81 2.21 
65 1.86 1.34 1.84 1.77 2.19 
80 1.71 1.25 1.81 1.77 2.17 
1.85 
50 2.42 1.82 2.34 2.32 2.73 
80 2.13 1.61 2.24 2.15 2.66 
1.90 
50 3.42 2.43 2.89 3.06 3.30 
65 3.13 2.28 2.79 2.90 3.22 
1.95 50 4.64 3.21 3.80 4.04 4.33 
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Table 18: Zinc tailings transition prediction method error % results part 1 of 2 
Material Sm Pipe Vc_MR Vc_NEWT Vc_nn Vc_BP Vc_intersect 
[-] [-] [NB] [error %] [error %] [error %] [error %] [error %] 
Zinc 
Tailings 
1.75 
50 20 36 69 20 7 
65 21 39 73 20 6 
80 2 37 76 14 5 
1.80 
50 15 38 77 13 1 
65 24 47 82 22 9 
80 20 47 84 18 1 
1.85 
50 24 42 76 23 11 
80 20 44 82 17 0 
1.90 
50 31 43 69 30 18 
65 28 42 72 27 12 
1.95 50 32 44 74 35 23 
 
Table 19: Zinc tailings transition prediction method error % results part 2 of 2 
Material Sm Pipe Vc_Zmax Vc_Re3 Vc_SW2000 Vc_ReG 
[-] [-] [NB] [error %] [error %] [error %] [error %] 
Zinc 
Tailings 
1.75 
50 20 1 2 14 
65 21 0 1 16 
80 17 9 6 29 
1.80 
50 18 10 6 29 
65 28 1 5 18 
80 27 6 4 27 
1.85 
50 25 3 4 13 
80 24 5 1 25 
1.90 
50 29 15 10 3 
65 27 11 7 3 
1.95 50 31 18 13 7 
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5.2.1. Zinc Tailings Results Summary 
It can be seen in Tables that the best performing laminar to turbulent transition prediction 
methods for the Zinc Tailings mineral slurry were; 
1) Slatter (1995) Re3 
2) Slatter& Wasp (2000) 
3) Intersection method (Slatter, 1995) 
It can be noted that the intersection method performed weaker at higher concentrations. 
Re3 and SW2000 methods also showed potential breakdown at higher concentration though 
there is not enough data to be conclusive. 
Interestingly, although ReG performed very poorly for the lower concentrations this method 
performed well at the higher concentrations. More data is needed to confirm ReG 
performance as a laminar-turbulent transition prediction method. 
The laminar to turbulent transition prediction methods that produced the best correlations 
against the observed laminar to turbulent transition for the zinc tailings were those that 
incorporated the three rheological parameters used to model the mineral slurry tested. 
Due to the Bingham plastic behaviour of the zinc tailings, of the three parameters the yield 
stress had the most influence over the predicated transition velocity and the omission of such 
from the prediction method resulted in the poorest correlation against the observed transition. 
Each of the three best performing methods used different aspects in their approach to 
predicting the transition from laminar to turbulent flow. 
The Re3 prediction method incorporates plug flow in to the calculation where the volume of 
the solid unsheared plug is omitted from the calculation. 
The intersection method using Slatter (1995) turbulent model incorporates the representative 
size of the particle size distribution and is able to be applied to smooth and rough wall 
turbulent flow by incorporating a roughness Reynolds number. 
The Slatter & Wasp (2000) incorporates a form of stability criteria with the use of the 
Hedström number in determining the transition velocity. However this method performed 
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poorly for non-Newtonian slurries other than Bingham plastics as the flow behaviour index 
(n) is omitted in this method. 
5.3. Fly ash Results 
The pipeloop test work sequence for the fly ash was carried out in 2 pipe diameters, 65NB 
and 80NB with a solids weight concentration range of 0.59 – 0.66. The results from the 
prediction methods can be seen in Table 20 and 21. 
Table 22 and 23 shows the statistical error % results when the prediction method critical 
velocity is compared against the observed transition point. 
Table 20: Fly ash transition prediction method velocity results part 1 of 2 
Material Sm Pipe Vc_obv Vc_MR Vc_NEWT Vc_nn Vc_BP Vc_intersect 
[-] [-] [NB] [m/s] [m/s] [m/s] [m/s] [m/s] [m/s] 
Fly ash 1 
1.45 
65 0.93 0.79 0.70 0.68 3.12 1.11 
80 0.89 0.72 0.64 0.61 2.52 1.05 
1.50 
65 1.83 1.53 1.45 1.25 1.58 1.93 
80 1.57 1.33 1.24 1.01 1.37 1.74 
Fly ash 2 
1.45 
65 1.04 1.05 0.94 0.80 1.98 1.37 
80 1.10 0.95 0.84 0.69 1.65 1.47 
1.50 65 2.54 2.06 1.92 1.57 2.37 2.48 
Fly ash 3 
1.45 
65 1.12 0.96 0.87 0.72 1.36 1.29 
80 1.01 0.87 0.78 0.60 1.16 1.21 
1.50 
65 2.68 2.14 2.04 1.83 2.77 2.53 
80 1.99 1.85 1.75 1.51 2.32 2.28 
Fly ash 4 
1.45 
65 1.14 1.06 0.98 0.81 1.37 1.45 
80 1.12 0.95 0.86 0.67 1.17 1.34 
1.50 65 2.74 2.21 2.13 1.70 1.55 2.41 
Fly ash 5 1.50 65 1.85 1.50 1.39 1.08 1.55 1.92 
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Table 21: Fly ash transition prediction method velocity results part 2 of 2 
Material Sm Pipe Vc_obv Vc_Zmax Vc_Re3 Vc_SW2000 Vc_ReG 
[-] [-] [NB] [m/s] [m/s] [m/s] [m/s] [m/s] 
Fly ash 1 
1.45 
65 0.93 0.85 0.77 0.98 3.10 
80 0.89 0.77 0.71 0.90 2.49 
1.50 
65 1.83 1.58 1.65 1.76 1.61 
80 1.57 1.38 1.46 1.58 1.51 
Fly ash 2 
1.45 
65 1.04 1.11 1.10 1.30 1.85 
80 1.10 1.01 1.02 1.21 1.49 
1.50 65 2.54 2.15 2.05 2.49 2.48 
Fly ash 3 
1.45 
65 1.12 1.01 1.04 1.19 1.28 
80 1.01 0.91 0.95 0.61 1.20 
1.50 
65 2.68 2.22 2.23 2.44 2.55 
80 1.99 1.93 1.97 2.17 2.12 
Fly ash 4 
1.45 
65 1.14 1.11 1.14 1.28 1.33 
80 1.12 0.99 1.04 1.18 1.24 
1.50 65 2.74 2.24 2.53 2.53 1.97 
Fly ash 5 1.50 65 1.85 1.56 1.68 1.83 1.78 
 
 
 
 
 
 
 
 
 
 
 
 
 RMIT University 
  67 
Table 22: Fly ash transition prediction method error % results part 1 of 2 
Material Sm Pipe Vc_MR Vc_NEWT Vc_nn Vc_BP Vc_intersect 
[-] [-] [NB] [error %] [error %] [error %] [error %] [error %] 
Fly ash 1 
1.45 
65 15 25 27 235 19 
80 19 28 31 183 18 
1.50 
65 16 21 32 14 5 
80 15 21 36 13 11 
Fly ash 2 
1.45 
65 1 10 23 90 32 
80 14 24 37 50 34 
1.50 65 19 24 38 7 2 
Fly ash 3 
1.45 
65 14 22 36 21 15 
80 14 23 41 15 20 
1.50 
65 20 24 32 3 6 
80 7 12 24 17 15 
Fly ash 4 
1.45 
65 7 14 29 20 27 
80 15 23 40 4 20 
1.50 65 19 22 38 43 12 
Fly ash 5 1.50 65 19 25 41 16 4 
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Table 23: Fly ash transition prediction method error % results part 2 of 2 
Material Sm Pipe Vc_Zmax Vc_Re3 Vc_SW2000 Vc_ReG 
[-] [-] [NB] [error %] [error %] [error %] [error %] 
Fly ash 1 
1.45 
65 9 17 233 5 
80 13 20 180 1 
1.50 
65 14 10 12 4 
80 12 7 4 1 
Fly ash 2 
1.45 
65 7 6 78 25 
80 8 7 35 10 
1.50 65 15 19 2 2 
Fly ash 3 
1.45 
65 10 7 14 6 
80 10 6 19 40 
1.50 
65 17 17 5 9 
80 3 1 7 9 
Fly ash 4 
1.45 
65 3 0 17 12 
80 12 7 11 5 
1.50 65 18 8 28 8 
Fly ash 5 1.50 65 15 9 4 1 
 
5.3.1. Fly ash Results Summary 
The best performing laminar-turbulent transition prediction methods for the fly ash samples 
tested were Re3 and ReG, with Zmax being the 3
rd
 best performing model. The 4
th
 and 5
th 
best 
performing methods were Slatter and Wasp (2000) and the intersection method (Slatter, 
1995). 
The remaining 4 methods proved deficient. This is possibly due to the lack of describing the 
non-Newtonian behaviour of the fly-ash slurry. 
Of the five best methods Slatter and Wasp (2000) was the worst performing method in 
predicting the laminar-turbulent transition. This is possibly due to the flow behaviour index 
(n) being ignored. In the case of the fly ash rheological parameters, the flow behaviour index 
showed as a strong non-Newtonian fluid, hence the absence of the flow behaviour index 
makes this method inaccurate in this case. 
The intersection method was of moderate performance however with a maximum error34% it 
was the 4
th
best method in the prediction of the transition in this case. 
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Re3 and ReG performed best in this case due to accommodating the three rheological 
parameters in determining the laminar-turbulent transition for the fly ash test work slurry. 
The fly ash exhibited both yield stress and strong non-Newtonian behaviour. The Laminar-
turbulent transition prediction methods that performed best accommodated the three 
rheological parameters; Yield stress, flow consistency index and the fluid consistency index. 
5.4. Addressing the research questions 
This study has investigated the laminar-turbulent transition behaviour of a zinc mineral 
tailings and a coal fired power station fly ash and compared the 26 observed laminar-
turbulent transitions against 9 established prediction methods found in the literature. The 
research questions posed at the start of this study are addressed below.  
 What is the empirical transitional flow behaviour of high concentration mineral 
slurry? 
The empirical transitional flow behaviour of high concentration mineral slurry is that as 
determined form the experimental results and presented in tables 8, 9, 10 and 11. 
The transitional flow behaviour of high concentration mineral slurries from laminar flow to 
turbulent flow occurs over a range of flow velocities. The puffs and slugs noted by other 
workers in this field can be seen to manifest as a fluctuating pressure gradient at the region of 
laminar-turbulent transition (Rudman et al., 2002; Vlasak & Chara, 2004). 
Although it has been assumed that laminar-turbulent transition occurs at a Reynolds number 
of 2100 there is no evidence either through experiment or literature review that this is always 
the case (Govier & Aziz, 1972; Shook & Roco, 1991; Pfenniger, 1961). The development of 
general case models for Newtonian fluid flow towards the flow of non-Newtonian mixtures, 
although mathematically logical, may fail to take into account the complexity of such flow 
behaviours. 
The transitional flow behaviour of high concentration mineral slurries are best described in 
the case of this study by the three parameter models that account for the (apparent) yield 
stress, fluid consistency index and flow behaviour index. 
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 Is the empirical transitional flow behaviour of high concentration mineral tailings 
slurry similar to that of a fly ash slurry? 
Mineral tailings are by nature of their production process, very different to that of fly ash. 
The shape and size of the particles are very different with the mineral tailings being angular 
and range from 0 – 600 microns. The P80 for the tailings tested was 90 micron with P20 of 10 
micron. The tailings SG was 3.4. The pH of the slurry tested was very acidic and highly 
saline as the process water used is acidic in part due the sulphur content of the ore and the re-
use of water in the ore concentration process. 
Whereas the fly ash is spherical in shape due to the process of combustion of coal and 
associated stone and the resultant formation of the fly ash particle. The size distribution of the 
fly ash tested had a P80 of 50 – 70 microns and P20 of 5 – 8 microns. The fly ash SG was 2.01 
– 2.08 for the different samples tested. The pH of the fly ash slurries tested was alkaline with 
pH measured between 8.5 – 9.0. 
These physical-chemical differences will change the flow behaviour of the slurries. This will 
be especially evident for the stable laminar flow behaviour of the slurries due to the viscous 
force being the main influence of this flow regime (Shook & Roco, 1991; Chhabra & 
Richardson, 1999).  
Fully developed turbulent flow is influenced by the inertial force acting on the particles 
within the slurry. Therefore the particle shape, size and mass will influence the slurry 
behaviour during the turbulent regime (Shook & Roco, 1991). 
As noted by the pressure fluctuations and the observation of puffs and slugs by other workers 
the laminar-turbulent transition can be considered as sections of straight test pipe being in 
laminar regime and sections of the same pipe being in turbulent flow (Rudman et al., 2002; 
Vlasak & Chara, 2004). This will occur for the transition region until fully developed 
turbulent flow is developed. This phenomenon further compounds the problems faced in 
predicting the laminar-turbulent transition. 
It is unsurprising then that several approaches that have been developed use very different 
fundamental basis for predicting the laminar-turbulent transition. Stability criteria, plug flow 
and associated pipe flow geometry and direct development from the work done for simple 
Newtonian fluids. 
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 How well can the laminar/turbulent transitions be predicted from the slurry rheology 
for high concentration mineral slurry? 
This study has shown that the laminar-turbulent transitions can be accurately predicted from 
the slurry rheology for high concentration mineral slurry. However, the results show varying 
accuracy based on the selection of each prediction method for each slurry type and varying 
solids concentration. For these reasons, the ability to select the most appropriate prediction 
method is dependent on the comparison of the predicted result against the observed transition 
point and selection based on the resulting error matrix. 
As tube viscometry and pipeloop test work show the laminar-turbulent transition needed for 
the purposes of comparison, it is strongly recommended that this test work is undertaken as a 
part of any holistic slurry system design process. 
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CHAPTER 6: CONCLUSIONS 
The direct application of the yield-pseudoplastic model to the laminar flow data allows the 
determination of the rheological parameters for the slurries tested as per the Lazarus & Slatter 
(1988) technique for data reduction of pipe-loop data. 
The observed transition point can be determined from pipe-loop test work data by 
considering the three main regimes displayed on the pseudo-shear diagram. By defining the 
stable laminar and stable turbulent flow regimes the transitional flow regime can also be 
defined. The average of the minimum velocity and maximum velocity is considered the 
transition velocity for the purposes of comparison between the established transition 
prediction methods and the observed transition point. 
From this study it has been found that the laminar-turbulent transition prediction methods, 
Re3 and ReG are the best performers when considering the combined statistical results for 
both the slurry types. 
For the zinc tailings displaying Bingham plastic behaviour; 
 Re3, Slatter and Wasp 2000 method and intersection method (Slatter (1995) turbulent 
model) were the best performers. 
 Further work is needed to determine the performance of ReG of Güzel et al. (2008) in 
predicting the laminar-turbulent transition for high concentration mineral slurries of 
this type. 
The results from the fly ash displaying non-Newtonian yield-pseudoplastic behaviour; 
 For the fly ash slurry Re3 and ReG were the best performers. 
These two methods incorporate the three rheological parameters as outlined in the literature 
and hence are able to best predict the laminar-turbulent transition in this case. 
The best performing laminar-turbulent prediction methods for both slurry types were able to 
accommodate the three rheological parameters; Yield stress, fluid consistency index and flow 
behaviour index to capture the complexity of these non-Newtonian slurries. 
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Other future work may involve; 
 The determination of the calculated Reynolds number at which slurries and other 
fluids transition from laminar to turbulent flow. The results of such a study may be 
used to challenge the existing laminar-turbulent transition criteria of Re ~ 2100 and 
better define a criteria for which laminar-turbulent transition takes place. 
 From the laminar-transition prediction methods comparison results it might be 
concluded that the yield stress of high concentration mineral slurry has a greater 
influence of the flow behaviour than simply a ordinate off-set as in the Metzner& 
Reed method, and this may form the basis of future work. 
 The interesting phenomenon of the spike in standard deviation of the pressure 
gradient was noted and may form the basis of future work in this area in identifying 
the laminar-turbulent transition. 
 Gaining a greater understanding into the fluid behaviour of high concentration slurries 
may also be gained from the increasing developments of velocity profile 
measurement. 
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APPENDIX A: PIPELOOP TEST WORK DATA SUMMARY TABLES 
Zinc Tailings - RD1.75 - 50NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
5.00 7.17 761.70 94.06 6.64 4.54 0.0024 0.0043 
4.70 6.49 716.14 85.14 6.57 4.44 0.0019 0.0060 
4.39 5.83 668.92 76.46 6.51 4.34 0.0017 0.0047 
4.08 5.18 621.33 67.94 6.43 4.22 0.0011 0.0030 
3.75 4.54 571.99 59.58 6.35 4.09 0.0011 0.0027 
3.43 3.92 522.54 51.43 6.26 3.94 0.0024 0.0038 
3.09 3.32 471.59 43.63 6.16 3.78 0.0016 0.0028 
2.76 2.77 420.57 36.35 6.04 3.59 0.0011 0.0031 
2.42 2.24 368.76 29.41 5.91 3.38 0.0021 0.0023 
2.08 1.75 316.96 22.99 5.76 3.13 0.0020 0.0031 
1.73 1.31 263.81 17.23 5.58 2.85 0.0020 0.0035 
1.38 0.90 210.04 11.85 5.35 2.47 0.0031 0.0086 
1.05 0.76 160.71 9.94 5.08 2.30 0.0115 0.0057 
0.23 0.58 35.20 7.58 3.56 2.03 0.0566 0.0115 
 
Zinc Tailings - RD1.75 - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.67 3.39 467.89 53.16 6.15 3.97 0.0016 0.0049 
3.45 3.05 440.13 47.73 6.09 3.87 0.0015 0.0034 
3.23 2.72 412.44 42.57 6.02 3.75 0.0017 0.0023 
3.02 2.39 385.12 37.52 5.95 3.62 0.0021 0.0023 
2.80 2.09 357.57 32.72 5.88 3.49 0.0011 0.0018 
2.58 1.79 329.18 28.11 5.80 3.34 0.0032 0.0033 
2.36 1.51 300.97 23.72 5.71 3.17 0.0019 0.0025 
2.13 1.25 271.23 19.66 5.60 2.98 0.0022 0.0024 
1.88 1.01 240.38 15.84 5.48 2.76 0.0021 0.0033 
1.63 0.80 208.41 12.53 5.34 2.53 0.0046 0.0077 
1.36 0.62 173.95 9.73 5.16 2.28 0.0085 0.0087 
1.03 0.52 131.37 8.09 4.88 2.09 0.0193 0.0030 
0.59 0.43 74.88 6.75 4.32 1.91 0.0149 0.0036 
0.19 0.42 24.87 6.56 3.21 1.88 0.0210 0.0041 
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Zinc Tailings - RD1.75 - 80NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.30 1.28 236.34 24.89 5.47 3.21 0.0010 0.0039 
2.16 1.14 221.44 22.26 5.40 3.10 0.0006 0.0027 
2.01 1.01 206.51 19.76 5.33 2.98 0.0013 0.0031 
1.86 0.88 191.18 17.18 5.25 2.84 0.0006 0.0037 
1.71 0.77 175.79 14.93 5.17 2.70 0.0005 0.0037 
1.56 0.64 160.08 12.46 5.08 2.52 0.0007 0.0043 
1.41 0.53 144.50 10.39 4.97 2.34 0.0007 0.0030 
1.25 0.48 128.64 9.27 4.86 2.23 0.0011 0.0063 
1.10 0.43 112.83 8.47 4.73 2.14 0.0011 0.0021 
0.94 0.41 96.93 8.00 4.57 2.08 0.0007 0.0029 
0.79 0.39 80.84 7.55 4.39 2.02 0.0007 0.0028 
0.63 0.38 64.39 7.39 4.16 2.00 0.0017 0.0016 
0.48 0.37 49.04 7.22 3.89 1.98 0.0105 0.0025 
 
Zinc Tailings - RD1.80 - 50NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
4.97 7.94 756.81 104.22 6.63 4.65 0.0017 0.0060 
4.67 7.19 711.72 94.31 6.57 4.55 0.0020 0.0033 
4.37 6.44 665.77 84.53 6.50 4.44 0.0023 0.0047 
4.06 5.72 619.14 75.02 6.43 4.32 0.0016 0.0037 
3.75 5.00 571.05 65.63 6.35 4.18 0.0018 0.0049 
3.42 4.31 521.39 56.54 6.26 4.03 0.0024 0.0048 
3.09 3.64 471.12 47.74 6.16 3.87 0.0015 0.0052 
2.76 3.00 420.75 39.35 6.04 3.67 0.0015 0.0032 
2.42 2.41 368.91 31.58 5.91 3.45 0.0015 0.0034 
2.08 1.86 317.19 24.42 5.76 3.20 0.0022 0.0084 
1.72 1.34 261.90 17.60 5.57 2.87 0.0034 0.0176 
1.35 1.14 206.42 14.98 5.33 2.71 0.0062 0.0053 
1.18 1.04 179.28 13.70 5.19 2.62 0.0625 0.0030 
0.33 0.84 50.10 11.02 3.91 2.40 0.0257 0.0112 
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Zinc Tailings - RD1.80 - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.59 3.77 458.06 59.16 6.13 4.08 0.0017 0.0018 
3.39 3.38 431.98 53.01 6.07 3.97 0.0017 0.0031 
3.18 3.00 405.52 46.99 6.01 3.85 0.0011 0.0034 
2.97 2.62 378.41 41.04 5.94 3.71 0.0012 0.0040 
2.75 2.26 351.18 35.41 5.86 3.57 0.0020 0.0014 
2.54 1.91 323.45 30.01 5.78 3.40 0.0022 0.0055 
2.31 1.60 295.37 25.04 5.69 3.22 0.0026 0.0063 
2.09 1.28 267.11 20.06 5.59 3.00 0.0029 0.0139 
1.86 0.99 237.58 15.53 5.47 2.74 0.0046 0.0133 
1.62 0.88 206.22 13.81 5.33 2.63 0.0101 0.0074 
1.31 0.82 167.25 12.84 5.12 2.55 0.0066 0.0063 
1.01 0.80 128.81 12.48 4.86 2.52 0.0060 0.0016 
0.69 0.73 87.48 11.42 4.47 2.44 0.0094 0.0036 
0.47 0.68 60.24 10.68 4.10 2.37 0.0072 0.0056 
0.19 0.59 24.33 9.29 3.19 2.23 0.0537 0.0050 
 
Zinc Tailings - RD1.80 - 80NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.29 1.27 235.14 24.64 5.46 3.20 0.0010 0.0055 
2.15 1.13 220.64 21.98 5.40 3.09 0.0010 0.0076 
2.00 0.96 205.80 18.61 5.33 2.92 0.0012 0.0115 
1.86 0.80 190.80 15.64 5.25 2.75 0.0012 0.0145 
1.71 0.74 175.64 14.34 5.17 2.66 0.0010 0.0097 
1.56 0.70 160.09 13.55 5.08 2.61 0.0013 0.0145 
1.41 0.66 144.58 12.87 4.97 2.56 0.0018 0.0098 
1.26 0.64 128.94 12.39 4.86 2.52 0.0006 0.0100 
1.10 0.62 113.13 12.00 4.73 2.48 0.0009 0.0048 
0.94 0.59 97.02 11.56 4.57 2.45 0.0013 0.0026 
0.78 0.58 79.82 11.37 4.38 2.43 0.0016 0.0027 
0.61 0.57 62.59 11.02 4.14 2.40 0.0030 0.0021 
0.44 0.54 45.03 10.58 3.81 2.36 0.0196 0.0042 
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Zinc Tailings - RD1.85 - 50NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
4.93 8.72 751.54 114.45 6.62 4.74 0.0015 0.0031 
4.64 7.87 707.52 103.29 6.56 4.64 0.0025 0.0035 
4.35 7.04 662.33 92.46 6.50 4.53 0.0016 0.0041 
4.04 6.23 616.34 81.71 6.42 4.40 0.0018 0.0025 
3.73 5.43 569.14 71.28 6.34 4.27 0.0014 0.0043 
3.42 4.64 520.55 60.89 6.25 4.11 0.0029 0.0046 
3.09 3.88 470.65 50.93 6.15 3.93 0.0022 0.0066 
2.76 3.18 420.10 41.74 6.04 3.73 0.0024 0.0076 
2.41 2.26 367.95 29.64 5.91 3.39 0.0032 0.0408 
2.07 1.92 314.71 25.24 5.75 3.23 0.0024 0.0273 
1.72 1.76 261.80 23.09 5.57 3.14 0.0026 0.0040 
1.36 1.64 207.66 21.46 5.34 3.07 0.0150 0.0017 
1.05 1.52 160.24 20.01 5.08 3.00 0.0801 0.0036 
0.63 1.41 95.42 18.52 4.56 2.92 0.0332 0.0058 
0.36 1.21 55.00 15.82 4.01 2.76 0.0146 0.0182 
 
Zinc Tailings - RD1.85- 80NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.27 1.20 233.47 23.39 5.45 3.15 0.0009 0.0207 
2.13 1.15 219.09 22.49 5.39 3.11 0.0005 0.0124 
1.99 1.12 204.36 21.77 5.32 3.08 0.0007 0.0111 
1.85 1.08 189.48 20.95 5.24 3.04 0.0008 0.0026 
1.70 1.05 174.33 20.38 5.16 3.01 0.0007 0.0028 
1.55 1.03 158.92 20.02 5.07 3.00 0.0014 0.0029 
1.40 1.01 143.43 19.58 4.97 2.97 0.0009 0.0023 
1.24 0.98 127.82 19.09 4.85 2.95 0.0010 0.0043 
1.09 0.96 111.84 18.63 4.72 2.92 0.0016 0.0027 
0.93 0.93 95.73 18.08 4.56 2.90 0.0012 0.0031 
0.78 0.90 79.78 17.48 4.38 2.86 0.0020 0.0045 
0.63 0.87 65.00 16.98 4.17 2.83 0.0031 0.0015 
0.48 0.83 49.74 16.09 3.91 2.78 0.0023 0.0031 
0.26 0.75 26.71 14.55 3.28 2.68 0.0132 0.0021 
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Zinc Tailings - RD1.90 - 50NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
4.91 9.51 747.89 124.81 6.62 4.83 0.0032 0.0032 
4.63 8.55 705.68 112.23 6.56 4.72 0.0026 0.0104 
4.35 7.60 662.15 99.69 6.50 4.60 0.0024 0.0109 
4.05 6.70 616.79 87.88 6.42 4.48 0.0030 0.0069 
3.74 5.68 570.04 74.53 6.35 4.31 0.0012 0.0829 
3.42 4.23 521.56 55.53 6.26 4.02 0.0012 0.1068 
3.09 3.52 471.14 46.19 6.16 3.83 0.0047 0.0302 
2.75 3.28 419.26 43.07 6.04 3.76 0.0026 0.0066 
2.41 3.07 366.98 40.31 5.91 3.70 0.0038 0.0054 
2.06 2.88 314.65 37.76 5.75 3.63 0.0031 0.0055 
1.73 2.68 263.23 35.18 5.57 3.56 0.0054 0.0052 
1.41 2.50 215.34 32.88 5.37 3.49 0.0068 0.0025 
1.12 2.34 169.98 30.73 5.14 3.43 0.0170 0.0049 
 
Zinc Tailings - RD1.90 - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.53 4.09 450.28 64.09 6.11 4.16 0.0018 0.0720 
3.33 3.28 425.28 51.45 6.05 3.94 0.0016 0.0958 
3.13 2.92 399.82 45.79 5.99 3.82 0.0014 0.0364 
2.93 2.74 373.34 42.90 5.92 3.76 0.0018 0.0104 
2.72 2.61 346.44 40.84 5.85 3.71 0.0013 0.0093 
2.49 2.49 318.21 38.96 5.76 3.66 0.0024 0.0061 
2.27 2.37 289.24 37.17 5.67 3.62 0.0020 0.0030 
2.03 2.25 259.14 35.34 5.56 3.57 0.0036 0.0025 
1.79 2.14 227.96 33.57 5.43 3.51 0.0018 0.0021 
1.54 2.04 196.09 31.93 5.28 3.46 0.0016 0.0032 
1.27 1.94 162.36 30.35 5.09 3.41 0.0013 0.0025 
1.01 1.84 129.41 28.80 4.86 3.36 0.0030 0.0021 
0.75 1.68 96.17 26.28 4.57 3.27 0.0007 0.0032 
0.55 1.58 70.72 24.71 4.26 3.21 0.0073 0.0089 
0.37 1.46 47.37 22.91 3.86 3.13 0.0127 0.0115 
0.20 1.34 25.44 21.07 3.24 3.05 0.0201 0.0086 
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Zinc Tailings - RD1.90 - 80NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.27 1.98 233.04 38.58 5.45 3.65 0.0014 0.0037 
2.13 1.94 219.04 37.74 5.39 3.63 0.0007 0.0034 
1.99 1.90 204.66 36.97 5.32 3.61 0.0012 0.0054 
1.85 1.86 189.87 36.13 5.25 3.59 0.0020 0.0059 
1.70 1.81 174.59 35.28 5.16 3.56 0.0016 0.0056 
1.55 1.76 159.25 34.24 5.07 3.53 0.0012 0.0043 
1.40 1.71 143.55 33.36 4.97 3.51 0.0010 0.0044 
1.24 1.67 127.71 32.48 4.85 3.48 0.0017 0.0031 
1.09 1.62 111.64 31.54 4.72 3.45 0.0017 0.0034 
0.93 1.57 95.86 30.65 4.56 3.42 0.0008 0.0033 
0.78 1.53 79.81 29.71 4.38 3.39 0.0011 0.0026 
0.63 1.45 64.59 28.23 4.17 3.34 0.0019 0.0024 
0.48 1.40 49.64 27.19 3.90 3.30 0.0049 0.0042 
0.32 1.28 32.66 24.95 3.49 3.22 0.0056 0.0040 
 
Zinc Tailings - RD1.95 - 50NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
4.92 8.72 749.99 114.39 6.62 4.74 0.0034 0.1521 
4.65 7.07 708.26 92.77 6.56 4.53 0.0036 0.0807 
4.35 6.60 662.97 86.62 6.50 4.46 0.0027 0.0432 
4.05 6.28 616.77 82.43 6.42 4.41 0.0024 0.0161 
3.73 6.02 568.02 78.98 6.34 4.37 0.0051 0.0056 
3.40 5.75 517.69 75.41 6.25 4.32 0.0052 0.0040 
3.07 5.47 467.28 71.83 6.15 4.27 0.0042 0.0056 
2.73 5.18 416.29 67.98 6.03 4.22 0.0021 0.0058 
2.39 4.89 364.12 64.22 5.90 4.16 0.0019 0.0062 
2.05 4.61 312.56 60.53 5.74 4.10 0.0015 0.0043 
1.72 4.36 262.31 57.18 5.57 4.05 0.0024 0.0025 
1.39 4.10 211.70 53.78 5.36 3.98 0.0025 0.0032 
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Fly ash 1 - 59.8%wt.wt. - 65NB     
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.41 3.41 434.67 53.39 6.07 3.98 0.0018 0.0081 
3.21 3.06 409.87 47.96 6.02 3.87 0.0015 0.0059 
2.99 2.68 381.16 42.02 5.94 3.74 0.0006 0.0060 
2.77 2.33 353.60 36.49 5.87 3.60 0.0021 0.0073 
2.57 2.05 328.50 32.12 5.79 3.47 0.0008 0.0120 
2.31 1.68 294.60 26.26 5.69 3.27 0.0030 0.0122 
2.07 1.38 263.61 21.56 5.57 3.07 0.0015 0.0114 
1.84 1.13 234.76 17.63 5.46 2.87 0.0015 0.0094 
1.57 0.83 200.33 13.08 5.30 2.57 0.0024 0.0144 
1.37 0.65 174.84 10.14 5.16 2.32 0.0012 0.0067 
1.17 0.47 148.70 7.40 5.00 2.00 0.0005 0.0084 
0.99 0.31 125.70 4.83 4.83 1.57 0.0008 0.0208 
0.87 0.23 111.60 3.62 4.71 1.28 0.0004 0.0287 
0.69 0.20 88.19 3.18 4.48 1.15 0.0004 0.0229 
0.49 0.17 62.90 2.69 4.14 0.99 0.0000 0.0079 
0.23 0.10 29.44 1.61 3.38 0.47 0.0006 0.0045 
 
Fly ash 1 - 59.8%wt.wt. - 80NB     
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.21 1.17 226.63 22.88 5.42 3.13 0.0010 0.0046 
2.08 1.05 213.72 20.50 5.36 3.02 0.0010 0.0039 
1.94 0.92 198.78 18.01 5.29 2.89 0.0008 0.0031 
1.79 0.80 184.33 15.51 5.22 2.74 0.0011 0.0028 
1.67 0.70 171.29 13.69 5.14 2.62 0.0005 0.0126 
1.50 0.57 153.61 11.17 5.03 2.41 0.0019 0.0100 
1.34 0.46 137.39 9.04 4.92 2.20 0.0009 0.0038 
1.19 0.38 122.44 7.37 4.81 2.00 0.0008 0.0020 
1.02 0.27 104.41 5.28 4.65 1.66 0.0014 0.0291 
0.89 0.20 91.17 3.81 4.51 1.34 0.0008 0.0106 
0.75 0.15 77.53 3.00 4.35 1.10 0.0003 0.0039 
0.64 0.14 65.54 2.71 4.18 1.00 0.0005 0.0030 
0.57 0.13 58.19 2.47 4.06 0.90 0.0002 0.0032 
0.45 0.11 45.98 2.15 3.83 0.77 0.0003 0.0028 
0.31 0.09 32.14 1.80 3.47 0.59 0.0000 0.0069 
0.15 0.07 15.35 1.41 2.73 0.34 0.0004 0.0021 
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Fly ash 1 - 64.2%wt.wt. - 65NB     
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.39 4.21 432.27 65.95 6.07 4.19 0.0022 0.0122 
3.20 3.83 408.09 59.98 6.01 4.09 0.0034 0.0119 
2.99 3.37 381.86 52.79 5.95 3.97 0.0010 0.0096 
2.77 2.92 353.28 45.71 5.87 3.82 0.0015 0.0478 
2.56 2.53 326.28 39.69 5.79 3.68 0.0015 0.0583 
2.29 2.01 292.41 31.48 5.68 3.45 0.0023 0.0724 
2.08 1.50 265.12 23.45 5.58 3.15 0.0018 0.1034 
1.85 1.05 235.43 16.51 5.46 2.80 0.0008 0.0146 
1.58 0.89 201.06 13.90 5.30 2.63 0.0050 0.0133 
1.35 0.77 172.01 12.10 5.15 2.49 0.0023 0.0137 
1.11 0.66 141.29 10.37 4.95 2.34 0.0009 0.0079 
0.90 0.57 115.05 8.98 4.75 2.19 0.0004 0.0025 
0.68 0.48 86.85 7.53 4.46 2.02 0.0006 0.0110 
0.44 0.37 56.25 5.83 4.03 1.76 0.0000 0.0027 
0.20 0.25 25.71 3.88 3.25 1.35 0.0000 0.0067 
 
 
Fly ash 1 - 64.2%wt.wt. - 80NB     
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.19 1.40 225.39 27.31 5.42 3.31 0.0014 0.0164 
2.07 1.26 212.54 24.48 5.36 3.20 0.0023 0.0172 
1.94 1.04 199.07 20.23 5.29 3.01 0.0007 0.0134 
1.79 0.83 184.21 16.23 5.22 2.79 0.0010 0.0266 
1.66 0.73 170.13 14.18 5.14 2.65 0.0010 0.0127 
1.48 0.62 152.47 12.16 5.03 2.50 0.0015 0.0083 
1.35 0.55 138.28 10.73 4.93 2.37 0.0009 0.0065 
1.20 0.49 122.75 9.63 4.81 2.26 0.0007 0.0023 
1.02 0.43 104.69 8.45 4.65 2.13 0.0024 0.0046 
0.87 0.37 89.82 7.28 4.50 1.99 0.0015 0.0055 
0.72 0.33 73.65 6.49 4.30 1.87 0.0005 0.0034 
0.58 0.29 59.98 5.73 4.09 1.75 0.0003 0.0016 
0.44 0.26 45.30 5.03 3.81 1.61 0.0002 0.0122 
0.29 0.21 29.34 4.02 3.38 1.39 0.0002 0.0085 
0.13 0.16 13.41 3.07 2.60 1.12 0.0000 0.0021 
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Fly ash 2 - 61.8%wt.wt. - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.08 2.87 392.86 44.99 5.97 3.81 0.0038 0.0101 
2.89 2.54 368.76 39.88 5.91 3.69 0.0010 0.0089 
2.68 2.24 342.50 35.11 5.84 3.56 0.0027 0.0058 
2.46 1.92 314.21 30.07 5.75 3.40 0.0020 0.0410 
2.29 1.66 291.78 26.00 5.68 3.26 0.0021 0.0449 
2.09 1.42 266.17 22.20 5.58 3.10 0.0017 0.0489 
1.90 1.18 241.83 18.50 5.49 2.92 0.0024 0.0230 
1.68 0.95 214.99 14.87 5.37 2.70 0.0010 0.0084 
1.48 0.76 189.37 11.96 5.24 2.48 0.0010 0.0109 
1.26 0.50 160.95 7.84 5.08 2.06 0.0041 0.0232 
1.05 0.38 133.54 5.96 4.89 1.78 0.0016 0.0105 
0.82 0.33 104.17 5.18 4.65 1.64 0.0004 0.0069 
0.60 0.29 76.85 4.57 4.34 1.52 0.0002 0.0096 
0.39 0.22 49.59 3.52 3.90 1.26 0.0003 0.0049 
0.18 0.17 23.43 2.65 3.15 0.98 0.0001 0.0047 
 
 
 
Fly ash 2 - 61.8%wt.wt. - 80NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
1.99 0.98 204.84 19.10 5.32 2.95 0.0024 0.0046 
1.87 0.86 192.28 16.75 5.26 2.82 0.0007 0.0033 
1.74 0.76 178.59 14.80 5.19 2.69 0.0017 0.0024 
1.60 0.65 163.84 12.60 5.10 2.53 0.0013 0.0038 
1.48 0.56 152.14 10.87 5.02 2.39 0.0014 0.0027 
1.35 0.47 138.79 9.23 4.93 2.22 0.0011 0.0036 
1.23 0.38 126.09 7.48 4.84 2.01 0.0016 0.0062 
1.09 0.30 112.10 5.88 4.72 1.77 0.0007 0.0124 
0.96 0.26 98.74 5.04 4.59 1.62 0.0007 0.0033 
0.82 0.23 83.93 4.46 4.43 1.49 0.0027 0.0022 
0.68 0.21 69.63 4.06 4.24 1.40 0.0010 0.0030 
0.53 0.18 54.32 3.50 3.99 1.25 0.0003 0.0018 
0.39 0.16 40.07 3.02 3.69 1.11 0.0002 0.0042 
0.25 0.13 25.86 2.56 3.25 0.94 0.0002 0.0013 
0.12 0.11 12.22 2.06 2.50 0.72 0.0001 0.0017 
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Fly ash 2 - 66.3%wt.wt. - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.11 3.70 397.24 57.99 5.98 4.06 0.0018 0.0340 
2.95 3.27 376.73 51.28 5.93 3.94 0.0010 0.0287 
2.75 2.64 350.31 41.42 5.86 3.72 0.0007 0.0855 
2.54 1.93 324.20 30.33 5.78 3.41 0.0017 0.0423 
2.33 1.71 297.59 26.85 5.70 3.29 0.0012 0.0055 
2.12 1.58 270.92 24.72 5.60 3.21 0.0013 0.0108 
1.93 1.49 246.83 23.31 5.51 3.15 0.0003 0.0469 
1.72 1.35 220.07 21.16 5.39 3.05 0.0015 0.0617 
1.52 1.24 193.93 19.47 5.27 2.97 0.0010 0.0478 
1.27 1.11 161.83 17.42 5.09 2.86 0.0005 0.0357 
1.03 0.99 131.56 15.52 4.88 2.74 0.0001 0.0080 
0.84 0.88 106.98 13.73 4.67 2.62 0.0002 0.0132 
0.62 0.76 78.79 11.87 4.37 2.47 0.0001 0.0142 
0.40 0.63 50.51 9.80 3.92 2.28 0.0000 0.0039 
0.18 0.45 23.43 7.07 3.15 1.96 0.0002 0.0065 
 
 
Fly ash 3 - 61.7%wt.wt. - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.33 3.37 425.46 52.82 6.05 3.97 0.0007 0.0133 
3.12 3.00 398.49 47.06 5.99 3.85 0.0005 0.0095 
2.91 2.65 371.67 41.58 5.92 3.73 0.0004 0.0052 
2.71 2.33 345.87 36.55 5.85 3.60 0.0013 0.0076 
2.47 1.98 315.09 30.99 5.75 3.43 0.0014 0.0088 
2.24 1.66 285.80 25.99 5.66 3.26 0.0012 0.0115 
2.02 1.39 258.03 21.73 5.55 3.08 0.0007 0.0109 
1.79 1.11 228.99 17.43 5.43 2.86 0.0021 0.0065 
1.58 0.88 201.25 13.85 5.30 2.63 0.0020 0.0098 
1.34 0.66 170.96 10.34 5.14 2.34 0.0002 0.0060 
1.13 0.41 143.78 6.35 4.97 1.85 0.0006 0.0198 
0.89 0.33 114.09 5.22 4.74 1.65 0.0004 0.0192 
0.68 0.27 86.54 4.19 4.46 1.43 0.0006 0.0090 
0.44 0.21 56.67 3.28 4.04 1.19 0.0001 0.0065 
0.22 0.15 27.74 2.37 3.32 0.86 0.0001 0.0032 
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Fly ash 3 - 61.7%wt.wt. - 80NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.16 1.15 221.85 22.42 5.40 3.11 0.0005 0.0061 
2.02 1.03 207.78 19.99 5.34 3.00 0.0003 0.0042 
1.89 0.90 193.80 17.56 5.27 2.87 0.0002 0.0033 
1.76 0.79 180.34 15.48 5.19 2.74 0.0009 0.0022 
1.60 0.66 164.29 12.89 5.10 2.56 0.0009 0.0029 
1.45 0.56 149.02 10.92 5.00 2.39 0.0008 0.0080 
1.31 0.45 134.54 8.84 4.90 2.18 0.0005 0.0074 
1.16 0.36 119.40 7.06 4.78 1.95 0.0013 0.0046 
1.02 0.26 104.94 5.16 4.65 1.64 0.0013 0.0276 
0.87 0.21 89.14 4.13 4.49 1.42 0.0001 0.0022 
0.73 0.18 74.97 3.60 4.32 1.28 0.0004 0.0024 
0.58 0.17 59.49 3.39 4.09 1.22 0.0002 0.0015 
0.44 0.14 45.12 2.75 3.81 1.01 0.0004 0.0038 
0.29 0.13 29.55 2.44 3.39 0.89 0.0001 0.0048 
0.14 0.09 14.46 1.76 2.67 0.57 0.0000 0.0023 
 
 
Fly ash 3 - 66.3%wt.wt. - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.26 4.11 416.02 64.45 6.03 4.17 0.0010 0.0361 
3.08 3.38 392.45 53.05 5.97 3.97 0.0009 0.1362 
2.89 2.75 368.98 43.06 5.91 3.76 0.0017 0.1715 
2.69 2.10 343.54 32.91 5.84 3.49 0.0015 0.0392 
2.47 1.84 314.74 28.88 5.75 3.36 0.0008 0.0074 
2.24 1.69 286.28 26.52 5.66 3.28 0.0018 0.0116 
2.05 1.57 261.84 24.59 5.57 3.20 0.0014 0.0171 
1.80 1.39 229.91 21.82 5.44 3.08 0.0009 0.0097 
1.58 1.27 201.66 19.90 5.31 2.99 0.0001 0.0165 
1.36 1.14 173.16 17.82 5.15 2.88 0.0007 0.0132 
1.13 1.00 143.73 15.61 4.97 2.75 0.0002 0.0427 
0.89 0.84 113.17 13.17 4.73 2.58 0.0002 0.0162 
0.67 0.72 85.65 11.31 4.45 2.43 0.0002 0.0302 
0.42 0.56 53.45 8.74 3.98 2.17 0.0005 0.0031 
0.22 0.42 28.03 6.58 3.33 1.88 0.0001 0.0038 
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Fly ash 3 - 66.3%wt.wt. - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.11 1.21 216.92 23.65 5.38 3.16 0.0006 0.0132 
1.99 1.12 204.63 21.76 5.32 3.08 0.0006 0.0325 
1.87 1.03 192.39 20.00 5.26 3.00 0.0011 0.0441 
1.74 0.96 179.13 18.72 5.19 2.93 0.0010 0.0048 
1.60 0.90 164.11 17.45 5.10 2.86 0.0005 0.0038 
1.45 0.82 149.28 15.90 5.01 2.77 0.0012 0.0031 
1.33 0.76 136.53 14.82 4.92 2.70 0.0009 0.0026 
1.17 0.69 119.88 13.52 4.79 2.60 0.0006 0.0031 
1.02 0.63 105.15 12.36 4.66 2.51 0.0001 0.0106 
0.88 0.58 90.29 11.27 4.50 2.42 0.0004 0.0093 
0.73 0.51 74.95 9.94 4.32 2.30 0.0002 0.0039 
0.57 0.46 59.01 8.91 4.08 2.19 0.0001 0.0060 
0.43 0.40 44.66 7.70 3.80 2.04 0.0001 0.0018 
0.27 0.30 27.87 5.83 3.33 1.76 0.0004 0.0011 
0.14 0.22 14.62 4.38 2.68 1.48 0.0001 0.0024 
 
 
Fly ash 4 - 61.7%wt.wt. - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.82 2.54 359.34 39.81 5.88 3.68 0.0020 0.0072 
2.63 2.26 335.30 35.36 5.82 3.57 0.0012 0.0059 
2.46 1.98 313.31 31.05 5.75 3.44 0.0037 0.0064 
2.30 1.77 293.54 27.68 5.68 3.32 0.0044 0.0352 
2.14 1.53 272.51 23.97 5.61 3.18 0.0043 0.0472 
2.08 1.45 266.00 22.76 5.58 3.12 0.0028 0.0543 
1.93 1.27 246.54 19.83 5.51 2.99 0.0035 0.0604 
1.73 1.05 220.90 16.43 5.40 2.80 0.0019 0.0268 
1.53 0.84 194.66 13.18 5.27 2.58 0.0024 0.0071 
1.33 0.63 169.78 9.84 5.13 2.29 0.0007 0.0171 
1.16 0.43 148.24 6.81 5.00 1.92 0.0034 0.0160 
0.94 0.36 120.23 5.58 4.79 1.72 0.0024 0.0164 
0.77 0.33 98.53 5.16 4.59 1.64 0.0004 0.0133 
0.57 0.29 72.34 4.53 4.28 1.51 0.0002 0.0074 
0.35 0.21 44.43 3.34 3.79 1.21 0.0002 0.0031 
0.15 0.16 19.76 2.46 2.98 0.90 0.0003 0.0028 
 
      
 RMIT University 
  90 
Fly ash 4 - 61.7%wt.wt. - 80NB 
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
1.82 0.85 187.37 16.51 5.23 2.80 0.0013 0.0082 
1.70 0.76 174.84 14.84 5.16 2.70 0.0007 0.0117 
1.59 0.66 163.36 12.82 5.10 2.55 0.0024 0.0014 
1.49 0.58 153.06 11.35 5.03 2.43 0.0028 0.0026 
1.38 0.50 142.09 9.70 4.96 2.27 0.0028 0.0139 
1.25 0.40 128.55 7.84 4.86 2.06 0.0023 0.0091 
1.12 0.33 115.18 6.49 4.75 1.87 0.0012 0.0084 
0.99 0.26 101.50 5.16 4.62 1.64 0.0016 0.0060 
0.86 0.24 88.52 4.68 4.48 1.54 0.0005 0.0280 
0.75 0.22 77.30 4.22 4.35 1.43 0.0022 0.0368 
0.61 0.19 62.69 3.77 4.14 1.30 0.0015 0.0412 
0.50 0.17 51.37 3.26 3.94 1.18 0.0002 0.0037 
0.37 0.15 37.72 2.88 3.63 1.06 0.0001 0.0028 
0.23 0.12 23.17 2.30 3.14 0.83 0.0001 0.0020 
0.10 0.09 10.30 1.74 2.33 0.55 0.0002 0.0030 
 
 
Fly ash 4 - 66.3%wt.wt. - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
2.81 2.47 359.15 38.78 5.88 3.66 0.0013 0.0807 
2.66 2.12 339.01 33.17 5.83 3.50 0.0020 0.0154 
2.46 1.96 313.95 30.68 5.75 3.42 0.0007 0.0096 
2.29 1.83 291.89 28.64 5.68 3.35 0.0006 0.0116 
2.08 1.67 265.87 26.24 5.58 3.27 0.0010 0.0109 
1.94 1.56 247.17 24.46 5.51 3.20 0.0014 0.0142 
1.77 1.45 226.19 22.80 5.42 3.13 0.0012 0.0150 
1.53 1.31 195.60 20.51 5.28 3.02 0.0002 0.0145 
1.33 1.19 169.48 18.59 5.13 2.92 0.0004 0.0110 
1.12 1.03 142.63 16.20 4.96 2.78 0.0009 0.0367 
0.92 0.93 117.90 14.62 4.77 2.68 0.0001 0.0711 
0.72 0.75 91.85 11.78 4.52 2.46 0.0002 0.0541 
0.55 0.70 70.13 11.01 4.25 2.40 0.0002 0.0140 
0.35 0.56 44.17 8.72 3.79 2.16 0.0003 0.0107 
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Fly ash 5 - 65.7%wt.wt. - 65NB      
V ΔP 8V/D DΔP/4L Ln(8V/D) Ln(DΔP/4L) V ΔP 
[m/s] [kPa/m] [1/s] [Pa] [-] [-] [m/s] [kPa/m] 
[average] [average] [average] [average] [average] [average] [stddev] [stddev] 
3.44 4.23 438.61 66.28 6.08 4.19 0.0009 0.0089 
3.21 3.74 409.39 58.64 6.01 4.07 0.0009 0.0082 
3.00 3.33 383.29 52.17 5.95 3.95 0.0008 0.0051 
2.83 2.98 361.26 46.78 5.89 3.85 0.0008 0.0052 
2.56 2.48 327.18 38.82 5.79 3.66 0.0009 0.0282 
2.29 2.02 292.75 31.69 5.68 3.46 0.0007 0.0311 
2.10 1.69 267.42 26.54 5.59 3.28 0.0008 0.0382 
1.80 1.05 229.65 16.42 5.44 2.80 0.0008 0.0380 
1.60 0.88 203.93 13.77 5.32 2.62 0.0010 0.0455 
1.36 0.77 173.23 12.12 5.15 2.49 0.0017 0.0548 
1.12 0.67 142.59 10.56 4.96 2.36 0.0010 0.0135 
0.88 0.59 111.80 9.18 4.72 2.22 0.0006 0.0063 
0.67 0.50 85.83 7.90 4.45 2.07 0.0007 0.0103 
0.44 0.41 56.76 6.43 4.04 1.86 0.0005 0.0041 
0.22 0.31 28.31 4.79 3.34 1.57 0.0006 0.0041 
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APPENDIX B: PSEUDO-SHEAR DIAGRAMS 
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APPENDIX C: STANDARD DEVIATION OF PRESSURE GRADIENT 
PLOTS 
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